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NOMENCLATURE
mi = Molality, m (number of moles per 1 kg of aqueous solution)
k = Permeability, D or m2
φ = Porosity, %
P = Pressure, psi or MPa
T = Temperature, °C or °F
Q = Flow rate, ml/min
μ = Viscosity, cp
PV = Pore volume

x

ABSTRACT
Well cementing is one of the key processes performed during drilling and completion of
wells. The main objective of primary cementing is to provide zonal isolation. Failure of cement
to provide zonal isolation can lead to contamination of fresh water aquifers, sustained casing
pressure, or blowout. For effective cementing, the cement slurry should completely displace the
drilling fluid. In practice, this is hard to achieve and some mud is left in the wellbore where it
contaminates the cement after cement placement.
This study investigates the effect of mud contamination of cement on the integrity of
cement-formation interface. Flow-through experiments were conducted over 30-day periods
using cement-sandstone composite cores and brine (salinity ~20,000 ppm) at 2100 psi (14.48
MPa) confining pressure, temperature of 72°F (22.22°C) and flow rate of 1 ml/min. Each
cylindrical composite core was composed of half-cylinder Berea sandstone and half-cylinder
Portland cement paste, with dimensions 12 in (30.48 cm) in length and 1 in (2.54 cm) in
diameter. One composite core had no contaminated layer and each of the two other cores had a
~1.27 mm (0.05 in) thick layer of contaminated cement with 5% or 10% mud contamination by
volume.
Image based techniques used to characterize the composite cores revealed the presence of
large non-circular pores (with as much as ~750 µm length and ~150 µm thickness) in the mud
contaminated cement at the end of the core-flood. The large pores were higher in number in the
10% than in the 5% mud contaminated cement. The pores did not appear to be interconnected at
the end of 30-day core-flood although leaching of the cement surrounding the large pores was
observed. The porosity of the 10% mud contaminated cement was found to have increased from
0.65% to 12.53%.

xi

Based on the observations, we can conclude that large pores are created in cement due to
the presence of mud contamination and the pores increase in number as level of mud
contamination increases. Leaching of the cement surrounding the large pores may lead to
interconnectivity of the large pores in the long run and result in loss of zonal isolation.
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CHAPTER 1
INTRODUCTION
1.1 Background
Wellbore cementing has come a long way since Frank Hill first used Portland cement to
seal off a water bearing formation in 1903 at the Lompoc field in California1. Cement job design
and placement has evolved over the years but the primary objectives of wellbore cementing have
remained the same. Primary cementing is carried out to provide zonal isolation, provide
structural support for the casing, and protect the casing from attack by corrosive fluids2. The
most critical function of wellbore cement is to provide zonal isolation3, 4 and failure of cement to
provide this function can result in one or more of the following: contamination of fresh water
aquifers, loss of hydrocarbon reserves in producing wells, loss of injected fluids in injector wells,
sustained casing pressure or even a blowout. Various studies have shown that cement failure can
occur in both active and abandoned wells and provide pathways for leakage of wellbore fluids5-7.
The pathways could be created by failure at the cement-casing interface, cement-formation
interface or even within the bulk cement (due to channels or fractures)3. To prevent a leakage
path from being created at the cement-formation interface, a good bond is required between the
cement and the formation. The bond should be good enough to withstand the effects of cyclic
loading and exposure of cement to corrosive fluids. Unfortunately, poor cement bond exists in a
large number of wells and it has been identified as one of the leading causes of sustained casing
pressure (SCP)8. Currently, more than 8000 wells in the Gulf of Mexico exhibit sustained casing
pressure9. This figure is alarming considering the safety, environmental and financial
implications of having so many leaking wells. About $50 million is spent annually in the USA
for fixing cement failures7 and it costs an average of $639,000 to plug and abandon a well in the
Gulf of Mexico10. These have motivated several studies to be carried out to provide better
1

understanding of cement-rock bond issues. These studies have shown that poor cementformation bond is usually caused by poor primary cementing which includes inadequate mud
displacement3. When a well is being drilled, partially dehydrated-gelled drilling fluid and mud
cake are deposited on the wall of the wellbore11. These are usually difficult to displace, leaving
mud channels through the cement. Several studies on mud displacement efficiency have shown
that displacement efficiency can range between 37% and 99.7% depending on mud conditioning,
casing centralization, cement-mud density difference, and flow regime3, 12, 13. The presence of
mud channels have been shown to reduce cement-formation bond strength and create pathways
for fluid migration. Some of the residual mud contaminate the cement in the wellbore altering its
properties and consequently its ability to provide zonal isolation and this is the basis of this
study.
1.2 Objective
The objectives of this study are to assess the effect of drilling fluid contamination of
cement on cement’s ability to provide zonal isolation and investigate the physicochemical
alterations at the interface transition zone. The ability of cement to provide zonal isolation is
determined by the integrity of both the cement and the cement-formation interface3. The bond
between the cement and the rock is defined by the mechanical interlocking of cement hydration
products with the rock grains and the chemical reaction between the cement paste and rock
grains. The contamination of the cement by drilling fluid alters the properties of the cement and
this in turn affects the character of the bond between the cement and the rock. To delineate the
extent of the effect of the contamination of cement slurry on the integrity of the cement-rock
interface, experimental and material characterization techniques were employed.

2

1.3 Methodology
To realize the objectives of the study, 30-day flow-through experiments were conducted
using 1 in (2.54 cm) by 12 in (30.48 cm) cement-sandstone composite cores. Class-H cement
(water to cement ratio-w/c=0.38) and 300 mD Berea sandstone were used for the composite
cores. The composite cores used for the flow-through experiments had 0%, 5% and 10% drilling
fluid contamination of the cement respectively. Experiments were performed using brine
(salinity ~20,000 ppm) at a flow rate of 1 ml/min, overburden pressure of 2100 psi (14.48 MPa)
and temperature of 72 °F (22.22 °C). The pressure drop across each composite core was recorded
throughout the core-flood to observe the changes in permeability of the composite cores.
Extensive quantitative and qualitative material characterization of the cement-sandstone cores
were carried out to evaluate the alterations at the cement-sandstone interface and also ascertain
the reaction mechanisms that produced the alterations. Influent and effluent brine samples were
analyzed to corroborate observations from other analysis techniques.
1.4 Overview of Thesis
Chapter 1 deals with the importance of good cementing to the life of a well. It also
presents the objectives and methodology of the study.
Chapter 2 covers the literature review on pertinent areas including cementing, cement
chemistry, mud displacement efficiency, drilling fluid contamination of cement and cementformation interface.
Chapter 3 lays out the experimental design and procedures followed in the study. It
explains the equipment used, the sample preparation process and the material characterization
techniques employed.
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Chapter 4 presents the data collected from the flow-through experiments and from the
characterization of pre and post core-flooded composite cores. It also provides a discussion of
the results with comparison to similar studies.
Chapter 5 presents the conclusions reached at the end of the study. It also outlines the
recommendations made for future work on drilling fluid contamination of cement-formation
interface.

4

CHAPTER 2
LITERATURE REVIEW
The study was undertaken to investigate the effect of drilling fluid contamination of
cement on the integrity of the cement-rock interface and to understand the physicochemical
processes occurring at the interface. A thorough literature review covering the three major
components of the interface - cement, drilling fluid and the formation – as well as their behavior
as a system, was carried out and is presented below.
2.1 Well Cements
2.1.1 Portland Cement Chemistry and Classification
Portland cement is the dominant cement used in wellbore construction3. It is used for
primary cementing, remedial cementing and plug and abandonment of wells. Unhydrated
Portland cement is comprised of four major compounds as shown in Table 2.1. The compounds
are anhydrous and react chemically with water forming hydrated products. The major products of
cement hydration are shown in Table 2.2. Ettringite ((CaO)6(Al2O3)(SO3)3.32H2O) is also
produced during cement hydration. Hardened cement paste still contains unhydrated cement
grains and the degree of hydration of cement does not change substantially after 28 days14.
Table 2.1: Mineralogical composition of unhydrated cement15.
Oxide Composition

Cement Notation

Common Name

Concentration
(wt%)

3CaO.SiO2

C3 S

Alite

55-65

2CaO.SiO2

C2 S

Belite

15-25

3CaO.Al2O3

C3 A

Aluminate

8-14

4CaO.Al2O3.Fe2O3

C4AF

Ferrite phase

8-12
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Table 2.2: Major cement hydration products3, 16.
Chemical Formula

Cement Notation

Common Name

Concentration
(wt%)

3CaO·2SiO2·3H2O

C-S-H

C-S-H

50-70

Ca(OH)2

CH

Portlandite

15-25

Calcium silicate hydrate (C-S-H) is poorly crystalline and acts as a binder in cement. It
gives the cement its strength. Calcium hydroxide (CH) helps to maintain the pH of cement at
~13. Cement is a porous material and the pores, filled with highly alkaline solution (pH ~13), are
grouped into gel (nano) pores, capillary pores, hollow-shell pores and air voids depending on the
size and mechanism of formation16. The pore sizes range from 0.5 nm to several millimeters. The
lower range of the pore sizes is made up of nano and capillary pores while the higher range is
mainly isolated air voids that were entrapped during cement mixing and placement.
Cement is used for several purposes in a wellbore and is placed at different depths and
conditions in a wellbore. This exposes cement to a wide range of temperatures and pressures and
attack by formation fluids which can be corrosive in nature. Several cement formulations are
available to satisfy the requirements of these different conditions. API specification 10A
established 8 classes of Portland cement based on the conditions for which they are most
suitable. The cement classes are designated A to H. Cement is also grouped into 3 grades based
on their sulfate resistance capability: O (Ordinary), MSR (Moderate Sulfate Resistant) and HSR
(High Sulfate Resistant). Sulfate resistance level is based on the C3A (tricalcium aluminate)
content, which influences the durability of cement under sulfate attack. Class A, G, and H
cements have been used extensively in wellbores but Class G and H are the most commonly used
today. Class G is the most frequently used class of cement outside the USA while class H is the
most popular in the USA (apart from California, the Rocky Mountain region and Alaska)14. Class
6

A cement is intended for use up to a depth of 6,000 ft (1,830 m) and in less aggressive
environments, where special cement properties are not required. It is only available in Ordinary
grade. Class G and H are intended to use up to a depth of 8,000 ft (2,440 m) as manufactured but
can be modified by addition of various additives to make them suitable for use in greater depths
and more challenging downhole conditions. Class G and H are essentially identically in terms of
chemical composition but Class H has larger particles (blaine fineness = 1600 cm2/g) than Class
G (blaine fineness = 1800 cm2/g)3. Class G (w/c 0.44) hydrates faster than Class H (w/c 0.38)
due to the larger surface area of its smaller particles. Both are available in MSR and HSR grades.
2.1.2 Process of well cementing
The process of well cementing involves gathering information for cement job design,
designing the cement slurry, calculating the cement volume and cementing time requirements,
selecting cement placement technique, and placing the cement. The quality of a cement job is
heavily dependent on how good the cement job design was. Information about wellbore
configuration and environment are crucial to a cement job design as they affect the cement slurry
design and determine the cement placement technique to be utilized. The wellbore configuration
information includes measured depth, open-hole size, and casing properties. These strongly
influence the slurry volume required, hydrostatic pressure and friction pressure. Information
about the wellbore environment includes the pore and fracture pressure profiles, type of
formation being cemented, temperature profile, presence of gas, and mud properties. All the
information listed above are processed prior to cement slurry design. During slurry design,
additives are added to basic Class H or G cement to provide the cement with the desired
properties. The additives include retarders, dispersants, fluid loss additives, and viscosifiers.
Retarders (e.g. lignosulfonates) extend the setting time of cement while dispersants (e.g.
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polynaphthalene sulfonate), reduce the viscosity of the cement. The slurry design process is a
complex process involving additives that interfere with the performance of each other. Once the
slurry design is available and the cement volume and cementing time required for the cement job
are calculated, the process of cement placement can be initiated. Several primary cement
placement techniques like normal displacement method, stage cementing, multiple string
cementing etc. are available17. The cement placement technique selected for a cement job
depends on various factors like the objectives of the cementing, string type to be cemented, and
pressure profile of the well section.
2.1.3 Problems in well cementing
The basic functions of cement are to provide zonal isolation, structural support for the
wellbore and casing protection against corrosive fluids. An unsuccessful cement job will lead to
failure of cement to perform these functions and a secondary cement job may be carried out.
Even when a good cement job is accomplished, cement can still fail in the long term due to
several other factors. Consequently, wellbore cement problems can be grouped into two:
1. Short term cement problems
i.

Incomplete cementing due to casing eccentricity. Thus occurs when the casing is not
properly centered in the wellbore causing preferential flow of the injected cement
through the wider section on the casing-formation annulus. This results in the smaller
annulus not being cemented.

ii.

Inadequate drilling mud removal. Gelled mud or mud cake in the wellbore are usually
difficult to remove leaving residual mud on the wellbore wall. The residual mud
interferes with the bonding of the cement to the formation resulting in a weak cement
formation bond.
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iii.

Influx of formation fluids during cement setting. During the transition from cement
slurry to hardened cement, the cement loses some of its ability to transmit hydrostatic
pressure and this may allow gas influx into the wellbore from the formation.

2. Long term cement problems
i.

Mechanical stress and strain on the cement due to pressure and temperature cycles over
the life of the well. These occur during completion, pressure testing, and production.
The differences in thermal expansion and elasticity coefficients of casing, cement, and
formation can induce creation and propagation of micro-annulus at the casing-cement
interface, formation of a micro-annulus at the cement-formation interface, or creation of
micro fractures in cement sheath.
ii.

Geochemical degradation of the cement over time due to acid and sulfate attack.
Geochemical downhole conditions vary from well to well. Some environments are
acidic due to the presence of relatively high concentrations of H2S and CO2. These have
been shown to attack the cement affecting its mechanical properties. Sulphates are also
present in some wellbore environments and these react with the cement to form
ettringite and gypsum. The ettringite and gypsum have greater bulk volume than the
cement from which they form. This causes compression of the surrounding sections of
the cement, inducing stresses in the cement that result in cement fracturing2, 18.

2.1.4 Cement Behavior in low pH environment
The incompatibility between the pH of cement pore solution and pH of the environment
in which the cement is placed leads to chemical interaction between the cement and the
environment. The cement pore solution is strongly alkaline with pH ~13. In an undisturbed state,
the cement pore solution is in thermodynamic equilibrium with the hydrated cement19, 20. When
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the cement is exposed to a lower pH solution like pure water, the thermodynamic equilibrium is
disturbed. The concentration gradient between the cement pore water and surrounding water will
induce diffusion of Na+, K+, and OH- ions from the cement pore water to the pure water to
equilibrate the environment. The outward diffusion of Na+, K+, and OH- ions from the cement
pore water reduces its pH which in turn induces the dissolution of CH accompanied by gradual
decalcification of C-S-H19, 21. Decalcification of C-S-H usually occurs in areas where CH is
depleted and therefore unable to provide a buffer for the C-S-H. Depletion of the CH increases
the porosity of the cement and consequently the permeability; this increases the rate of diffusion
of the calcium leading to increased leaching of the calcium. In a typical cement leaching process
by low pH environments, the inner front is characterized by dissolution of CH and the outer
region is laced with progressive decalciﬁcation of C–S–H gels19. The decalcification of the C-SH leads to the formation of silica gel with attendant reduction in mechanical strength.
The presence of CO2 in the cement environment leads to degradation of the cement by a
more convoluted mechanism. When CO2 dissolves in water it forms carbonic acid. If cement is
placed in such water, there would be dissolution of CH leading to outward diffusion of Ca2+ from
the cement. Reaction between the carbonic acid and the diffusing calcium ions precipitates
CaCO3 (a process known as carbonation)22. As more CH is dissolved, the pH of the cement pore
solution drops. When the pH drops below 10.5, the precipitated CaCO3 becomes unstable and
starts dissolving23. Water soluble bicarbonates start forming and leaching out of the cement. The
dissolution of CaCO3 leaves the C-S-H with no buffer and the decalcification of C-S-H
progresses with resultant formation of amorphous silica gel. The chemical equations describing
the whole process are shown below22-25.
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CO2 dissolves in water to form carbonic acid
CO2 + H2O ↔ H2CO3 ↔ H++HCO3- ↔ 2H+ + CO32Calcium dissolves in water to maintain thermodynamic equilibrium
Ca(OH)2(s) → Ca2+(aq) + 2OH-(aq)
Calcium ions react with carbonic acid to precipitate calcium carbonate
Ca2+(aq) + HCO3- + OH-(aq) → CaCO3(s) + H2O
Ca2+(aq) + CO32- (aq) → CaCO3(s)
As calcium hydroxide is depleted, pH drops and calcium carbonate starts dissolving
H+(aq) + CaCO3(s) → Ca2+(aq) + HCO3-(aq)
Depletion of calcium carbonate promotes decalcification of C-S-H resulting in formation of
amorphous silica gel
C-S-H(s) → Ca2+(aq) + OH-(aq) + amorphous SiO2(s)
2.1.5 Studies on Cement Interaction with Low pH Environment
Numerous lab and field studies have been carried out to characterize the behavior of
cement in low pH environments. Some of the notable studies are presented below.
Jain and Neithalath21 conducted experiments to evaluate the behavior of neat and
modified cements in pure water. Silica fume, fly ash and fine glass powder were added to the
modified cement samples. The batch experiments were done with deionized water at liquid-solid
ratio of 1000 for 90 days with intermittent sample analysis. Porosity of all cement samples
increased with leaching duration. At the end of the experiment, the porosity of neat cement was
found to be the highest. The porosity of the glass powder modified cement was found to be the
lowest and the authors believed the Na2O may have provided NaOH that buffered the cement.
The dissolution of CH was lower in fly ash modified and glass powder modified cement
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compared to neat cement. The authors confirmed CH dissolution as the main cause of porosity
increase but stated that C-S-H decalcification contributed as well.
Yang et al19 performed experiments to predict calcium leaching behavior in low pH
environments. They also tried to establish a relationship between leaching duration and changes
in cement mechanical properties. Cylindrical cement specimens of 1.97 in (50 mm) diameter
were used for batch experiments that lasted for 140 days with intermittent analysis of the cement
samples. Three zones - leached, transition and sound- were established. Leaching depths
increased with leaching duration and a linear relationship existed between leaching depth and
square root of time. Extrapolation of the leaching rate predicted that the dissolution front of CH
will reach the core of the cement sample (w/c 0.30) after 14 years. Dissolution of CH and
decalcification of C-S-H in the leached zone adversely affected the mechanical properties of the
cement. Compressive strength of the samples dropped drastically initially but the rate of
reduction slowed down later. The hardness of the samples was low within the first few
millimeters but leveled off towards the interior of the samples.
Yurtdas et al26 investigated the effect of degradation of well cement by acidic fluids on
cement’s hydro-mechanical behavior. Core samples measuring 1.46 in (37 mm) diameter and
1.57 in (40 mm) were prepared with Class G cement. Ammonium nitrate solution was used as
the leaching solution. The batch experiments were performed at 194°F (90°C) for 50 days.
Uniaxial and triaxial compression tests were carried out on control and degraded samples with
confining pressures of 435, 1450, 2900 psi (3, 10 and 20 MPa) for the triaxial test. Degraded
cement exhibited higher volumetric compaction due to pore collapse. The pore collapse was
inferred from acceleration of strain rate and examination of tested samples. The uniaxial
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compression strength of the control sample was 4206 psi (29 MPa) while that of degraded
cement was 1638 psi (11.3 MPa), showing a 63% decrease.
Shao et al27 analyzed the coupled and decoupled effects of compressive stress and
chemical degradation of class G cement. The cement samples measured 1.42 in (36 mm)
diameter and 3.94 in (100 mm) height. For the decoupled chemical degradation tests, 6 mol/l
ammonium nitrate solution was used for batch leaching tests. For the coupled degradation test,
varying degrees of triaxial stress were maintained as 4 mol/l of ammonium nitrate was injected.
Unreacted cement samples, leached samples from a batch experiment and degraded samples
from coupled experiments were each subjected to compressive stresses of 14.50, 43.51, 87.02,
145.04, 290.08 psi (0.1, 0.3, 0.6, 1.0 and 2.0 MPa). The chemical degradation of the cement
resulted in remarkable reduction of mechanical strength and plastic yield stresses. It was also
observed that the mechanical deformation of the sample during the coupled test affected the
chemical process by reducing the cement permeability; the authors proposed that this should be
taken into consideration during modeling.
Duguid and Scherer23 investigated the effect of carbonated brine on class H cement. The
cement samples measuring 0.30 in (7.5 mm) in diameter by 7.87 in (200 mm) in height were
exposed to carbonated brine of pH 2.4 or 3.7 at temperatures of 68°F (20˚C) or 122°F (50˚C) and
pressures of 1450.38 psi (10 MPa) for 31 days. Degradation of the cement by carbonated brine
was observed during the experiment with higher rate of degradation recorded in samples
immersed in pH 2.4. Different zones of carbonation and leaching were observed on the samples.
The leached area showed marked reduction in calcium content and significantly reduced
mechanical strength. Brown and orange layers were observed at the outer region of degraded
cement samples.
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Duguid28 also performed experiments to estimate the time to totally degrade a sheath of
cement in a wellbore. He used class H cement samples enclosed by sandstone. The batch
experiments were done with CO2 saturated NaCl brine at 68°F (20˚C) or 122°F (50˚C) for one
year. The pH of the brine was 3.4 and 5. The depth of reaction of the cement with the brine was
measured intermittently. The data collected was plotted and analyzed. Duguid concluded that it
would take 30,000 to 700,000 years to degrade 0.98 in (25 mm) of neat cement paste in a
sandstone reservoir.
Kutchko et al22 carried out experiments to assess the effect of temperature and pressure
on the degradation of class H cement when exposed to CO2 saturated brine under static
conditions. The cement cores were cured in 1% NaCl solution for 28 days at 71.6°F (22°C) or
122°F (50°C) and 14.50 psi (0.1 MPa) or 4394.64 psi (30.3 MPa). Batch experiments were
performed for 9 days at 4394.64 psi (30.3 MPa), 122°F (50°C) and pH of 2.9. The experiment
also showed that there was variation in depth of invasion of the degradation from sample to
sample. Samples cured at high temperature and pressure showed shallower depth of degradation.
The authors attributed it to higher degree of hydration of the cement at the high temperature and
pressure.
Kutchko et al29 also investigated the rate of CO2 degradation of class H cement. Cement
samples were exposed to supercritical CO2 and CO2 saturated brine for one year at 4394.64 psi
(30.3 MPa). The depth of cement degradation was recorded intermittently. The data collected
from the experiments were extrapolated with Fick’s second law of diffusion and the Elovich
equation to see what the penetration depth will be after 30 years. The values obtained were 1.00
± 0.07 mm for the CO2 saturated brine and 1.68 ± 0.24 mm for the supercritical CO2.
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Bachu and Bennion30 performed two sets of experiments using class G cement and J55
steel casing to evaluate the possible mechanisms that would determine well leakage in the
presence of CO2. In the first set of experiments, cement cores each measuring 3.8 cm diameter
and 3 cm length were exposed to CO2 saturated brine for 90 days at 65°C. The pressure drop
across the length of the cores was 15,160 kPa (2198.77 psi) and the confining pressure 28,940
kPa (4197.39 psi). In the second set of experiments, cement-casing pairs having perfect bond (no
annular gap), small annular gap, small cracks and large cracks respectively were used. The
cement-casing samples were exposed to supercritical ethane and CaCl2 solution at an overburden
pressure of 24,100 kPa (3495.41 psi) and pore pressure of 13,780 kPa (1998.62 psi) at 60°C. In
the cement only experiments, the permeability of the cement decreased rapidly within the first 5
days from 0.116 - 0.232 µD to 0.01 µD and then stabilized at the low level. In the second set of
experiments, the cement/casing pair with perfect bond had permeability of 1 nD, while the
samples with annular gaps or cracks measuring 0.01–0.3 mm showed increased permeability of
about 0.1–1 mD. The authors concluded that good cement job would likely provide a reliable
barrier against CO2 leakage but that presence of cement cracks or annular gaps would provide
pathways for CO2 leakage.
Yalcinkaya et al24 conducted experiment to evaluate the effect of CO2 saturated brine on
fracture conductivity. Two flow-through experiments were conducted using CO2 saturated brine
and cylindrical Class H cement cores. Each cylindrical cement core measured 1 in diameter by
12 in length and was comprised of two half cement cylinders thereby creating an artificial
fracture in the middle of the core. The flow-through experiments were conducted using confining
pressures of 600 psi (4.14 MPa) and 1800 psi (12.41 MPa). The experiments lasted for 30 days
and 10 days respectively. Computed tomography, mercury intrusion porosimetry (MIP) and
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environmental scanning electron microscopy were used to analyze the cement cores at the end of
the flow through experiments. Density variation in the cement due to cement dissolution was
observed. MIP revealed reduction in the porosity for small pore sizes in the 600 psi (4.14 MPa)
experiment while porosity increase was observed in medium pore sizes in the 1800 psi (12.41
MPa) experiment. Different reaction products with varying Fe content were observed at the
fracture wall surfaces. Secondary fracture networks also developed at the outlet section of in the
600 psi (4.14 MPa) experiment and the authors concluded that these were likely created and
propagated by expansive secondary mineralization.
Brandvoll et al31 conducted batch and flow-through experiments to evaluate long term
cement integrity with exposure to CO2-water mixture. Samples measuring 2.5 cm diameter by 5
cm length were prepared from class G cement and cured for 28 days. The batch and flowthrough experiments were carried out using 16wt% and 3.5wt% salinity fluids respectively.
Both were conducted at 36 °C and 1,450 psi (100 bar). Batch experiments lasted for 7-43 days.
For the flow-through experiments, 1 mm holes were drilled through the cement samples. The
flow-through experiments lasted between 4 and 12 days and were carried out under a confining
pressure of 435 psi (30 bar) using flow rates ranging from 0.1 and 0.4 ml/min. In the batch
experiments, clear evidence of carbonation was observed. Alteration depth did not correlate with
duration of experiment. Decalcification of cement and deposition of carbonates were observed
along the 1 mm hole. The inlet of the hole contained layer of silica gel which is totally
decalcified. Analysis of the effluent brine revealed extensive leaching of silica from the cement.
Carey et al32 analyzed casing, cement and shale samples obtained from a 55 year old well
in a 30 yr old CO2-flooding site in West Texas. The samples were obtained 13.12-19.69 ft (4-6
m) above the caprock-reservoir contact. The recovered cement had about 0.1 mD air
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permeability. 0.1–0.3 cm thick carbonate precipitate was observed near the casing. The cement
adjacent to the shale had a carbonated orange colored area measuring 0.1-1 cm and had an
orange colored region. The authors stated that the CO2 may have migrated up the casing-cement
interface or penetrated through corroded points on the casing. They also indicated that the filter
cake may have provided a channel for CO2 to migrate along the cement-shale interface. They
concluded that even with the degradation of the cement, the Portland cement retained its
structural integrity and would still provide hydraulic seal against significant migration of the
CO2.
2.2 Drilling Fluid (Mud)
2.2.1 Drilling Fluid Composition and Usage
Drilling fluid, or mud, is used during drilling of wells. The fluid is pumped from the surface,
down the drill string, through the bit, and back to the surface via the annulus. This is done for the
following reasons33:
1 To remove the drill cuttings from under the bit and transport them to the surface
2 To cool and lubricate the bit and drillstring
3 To exert hydrostatic pressure to prevent influx of formation fluids into the wellbore
4 To maintain stability of open hole
Different drilling fluids are available and they are classified according to the base fluid in the
mud. The types of mud include oil based mud (OBM), water based mud (WBM), synthetic based
mud (SBM) and gaseous drilling fluid34. The type of drilling fluid to be used is selected based on
properties of the formation being drilled, environmental considerations, and cost. Gaseous
drilling fluid is usually used in drilling hard well consolidated formations. OBMs give very good
rate of penetration in shales but do not allow for easy detection of kicks. WBMs are cheap but do
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not perform well in shales and under very high temperatures. SBMs have higher initial cost but
disposal costs can be considerably low as they are less toxic34. WBM is widely used in the Gulf
of Mexico but recently, Internal Olefin (IO) SBMs with densities between 9 and 15 lb/gal have
become the most commonly used muds in Gulf of Mexico35, 36. WBM’s usually contain water,
barite, bentonite, caustic soda, and lignosulfonates.
2.2.2 Mud Removal and Displacement Efficiency
When a well is being drilled, there is formation of mud cake (2-5mm thick)37 and
partially dehydrated gelled mud on the formation wall due to static and dynamic filtration. The
mud cake and gelled mud are difficult to displace during well cementing and there is usually
channeling through the mud which can eventually promote gas migration. Scratchers in
conjunction with casing movement are usually used to remove the mud before cement placement
but they do not remove all the mud. Displacement of mud by cement in turbulence has been
shown to enhance mud removal but this is limited by the formation fracture pressure3. Mud
displacement efficiency is the ratio of the volume of the cement in the cemented annulus to the
volume of the annulus. The uncemented annulus volume is filled with mud. The aim of a
cementing operation is to completely fill the annulus with cement therefore the mud
displacement efficiency is a quantification of the quality of the cement job. Several studies have
shown that mud displacement efficiency varies widely depending on mud conditioning, casing
centralization, cement-mud density difference, and flow regime3. Displacement efficiency values
ranging from 37% to 99.7% have been reported in literature12, 13. Some of the undisplaced mud
contaminates the cement affecting its mechanical and chemical properties. Mud contamination
has also been identified as a major cause of cement plug failure38-40.
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2.2.3 Bentonite Chemistry and its Behavior in Low pH Environment
Bentonite is used extensively in water based muds. It is added in the mud to increase its
viscosity, density and gel strength. The gel strength helps to suspend cuttings and other solids
like barite in the mud. Drilling fluid made with fresh water and bentonite will have a pH of 8 to 9
unless it is contaminated. Bentonite typically has particle sizes less than 2 µm and is mainly
composed of sodium montmorillonite33, 41. Sodium montmorillonite has high cation exchange
capacity. The cation exchange capacity is its ability to exchange cations located within its
structure for other cations present in surrounding solution. The simplified chemical formula for
montmorillonite is 4SiO2.Al2O3.H2O. A good proportion of the Al3+ is usually replaced making
the

formula

more

complex.

Sodium

montmorillonite

has

the

chemical

formula

Na0.66(OH4)Si8(Al3.34 Mg0.66)O20 and swells when mixed with water41-43. Bentonite behavior
when exposed to hyperalkaline conditions, e.g. cement, has been studied extensively due to its
use for containment of radioactive waste. Studies have shown that the interaction of bentontite
with cement is a very complex reaction with formation of secondary minerals that interact with
each other44, 45. When bentonite is exposed to hyperalkaline fluids pH>12, there is collapse of its
2:1 structure altering its properties46. Dissolution of the bentonite occurs with resultant
precipitation of other minerals47, 48. The precipitation of a mineral like tobermorite will hinder
further dissolution of bentonite while the precipitation of analcime will accelerate the dissolution
of bentonite45. Calcium (aluminum) silicate hydrates (C(A)SH), zeolites, feldspars, hydroxides,
carbonates, polymorphs of silica and other amorphous precipitates are all possible products of
cement-bentonite interaction depending on pH, silica activity and presence of certain minerals44,
45

. Interaction between clays and cement has been shown to cause reduction in aluminum, silicon
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and magnesium content of the clay and corresponding increase in the calcium content of the clay
due to diffusion from the cement49.
2.2.4 Studies on Effect of Mud Contamination on Cement Properties
Studies done on mud contamination of cement show that thickening time, compressive
strength and rheological properties of the cement are altered by the mud. The alteration in
compressive strength of the cement tends to be more pronounced during the initial setting time
but tends to be less critical later.
El Sayed50 investigated the effect of mud contamination of cement on cement properties.
Three different mud types: oil based mud, water based mud and polymer based mud, were used.
The cement properties measured were thickening time, compressive strength, consistency and
rheological properties. Class G cement slurry having 15.9 ppg density, 144 cp plastic viscosity
and 7 lb/100 ft2 yield stress, was used as the base slurry. The cement was contaminated by 10,
20, 30, 40, 50% mud by volume with the three different mud types. For the compressive strength
tests, the cement slurry was poured in 2 in steel cubes and cured at 80°C for 12 and 24 hrs. The
rheological properties, consistency development, thickening time and compressive strength were
all altered by the mud contamination. The compressive strength showed remarkable reduction as
the mud contamination increased. After 12 hrs, the compressive strength in the neat cement was
about 330 psi while some of the highly contaminated cement had almost unmeasureable
compressive strength. After 24 hrs the compressive strength in neat cement was 1170 psi while
that of some highly contaminated cement was about 200 psi. The 24-hr compressive strength of
cement dropped by about 300 psi for every 10% increase in water based mud contamination. Oil
based mud contamination reduced the 24-hr compressive strength of cement by about 200 psi for
every 10% increase in mud contamination. 10% mud contamination of the cement by polymer
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based mud reduced the compressive strength from 1170 psi to 300 psi and the compressive
strength stayed almost constant at 300 psi as the mud contamination level was increased.
Bradford51 also tested cement samples for alteration in compressive strength due to mud
contamination. Three different types of cement slurries were used. Class H cement, normal
slurry and reduced water slurry containing dispersants. Cement samples with different degrees of
mud contamination ranging from 5% to 50%, were made and cured at 170-230°F before being
subjected to compressive strength tests. All the slurries showed reduction in compressive
strength as degree of mud contamination increased. The Class H cement slurry was tested after 8
hrs and after 16 hrs. For the 8-hr test, 10% mud contamination caused the compressive strength
to decrease by about 44% while during the 16-hr test the reduction was by 23%.
2.3 Cement-Formation Interface in the Wellbore
2.3.1 Nature of Cement-Formation Interface
The cement-formation bond is critical in preventing inter-zonal communication and
maintaining wellbore stability but very few studies have been done with samples taken from
wells for the purpose of understanding alterations in the cement-formation bond over the life of
wells32, 37. Most of the studies on the nature of the cement-rock bond have been done in civil
engineering. Based on these studies, bonding mechanisms of the cement to the formation have
been shown to be a combination of mechanical interlocking of cement hydration products with
the rock grains and the chemical reaction between the cement paste and rock grains52-54. The
bonding due to mechanical interlocking of rock grains increases with increasing surface
roughness. Greater surface roughness also provides larger surface area for bonding thereby
increasing the bond strength52. This means that the roughness of the wellbore wall increases the
bond strength between the cement and the formation. The chemical reaction component of the

21

cement formation bond is more complicated as different formations possess different minerals
with different reaction mechanisms and products when brought in contact with the cement.
At the cement-formation interface, there exists a zone of increased porosity. This zone is
referred to as interfacial transition zone (ITZ). The boundary of the ITZ is not well defined since
it is a transition zone. The interface zone is created by a phenomenon known as the wall effect.
The wall effect occurs because of the size difference between the cement grains and formation
grains. Cement grains are general between 5 and 60 µm while the size of a sand grain can be
between 70 and 2000 µm14, 41. The huge disparity in size makes the sand grains appear as walls
when placed beside cement grains and this interferes with the packing of the cement grains near
the sand grains. The resultant packing at the interface causes accumulation of water and
increased porosity at the interface. The wall effect is most pronounced within 15-20 µm of the
sand grains55. Initially the ITZ has a porosity that is about 40% higher than the bulk cement. Due
to the high porosity of this region, calcium ions being dissolved from the interior of the cement
paste migrate to the ITZ and form CH. This creates a thin film of CH on the sand grain. Other
cement hydration products like C-S-H and ettringite are produced at the ITZ further reducing the
porosity. At later times the porosity of the ITZ is about the 10-20% higher than the bulk
cement55.
2.3.2 Factors affecting the cement-rock bond
Factors that affect the cement-formation bond include; inadequate mud displacement,
mechanical stress and strain on the interface due to pressure and temperature cycles over the life
of the well, geochemical attack by corrosive formation fluids and disruptions in the subsurface
geology. Disruptions in the subsurface geology are due to tectonic movements and subsidence
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(caused by fluid removal). The occurrence of one or more of the processes listed above can lead
to debonding of the cement from the formation thereby creating a pathway for fluid migration.
2.3.3 Studies on Effect of Mud Contamination on Cement-Formation Bond
Becker et al56 evaluated the effect of mud cake and mud contamination of cement on the
cement-formation bond. Shear bond experiments were performed using cement-sandstone
composites with either the presence of mud cake at the interface or the contamination of the
cement by mud. Sandstone samples and cement class TZ 1 were used. In the mud cake tests, the
mud types used were fresh water bentonite mud, salt water bentonite mud and red mud. The
interface was tested in four different modes: with presence of mud cake, with mud cake scrapped
off, with mud cake scrapped off plus the surface washed with water, and mud cake scraped off
plus the surface washed with surfactant. The mud thickness was 1 mm. The bond strength of the
cement-sandstone composite without mud cake was 185 psi (13 kp/cm2) and no significant bond
strength could be measured in the presence of mud cake. For the various mud cake treatments,
the highest bond strength was recorded with mud cake scraped off plus the surface washed with
surfactant (average bond strength = 148 psi (10.4 kp/cm2)) while the lowest bond strength was
obtained with mud cake scrapped off only (average bond strength = 73 psi (5.13 kp/cm2)).
Amongst the mud types, the fresh water bentonite mud gave overall highest bond strength
(average bond strength = 127 psi (8.9 kp/cm2)) while the red mud gave the lowest bond strength
(average bond strength = 101 psi (7.13 kp/cm2)). For the mud contaminated cement tests, the
mud types used were fresh water bentonite mud, salt water bentonite mud, red mud and oil
emulsion mud. The cement was contaminated by 0%, 1%, 5%, 10% and 20% mud by volume
respectively before being placed on the sandstone. The cement-sandstone samples were
subjected to shear stress and a bond strength of ~171 psi (~12 kp/cm2) was obtained for the
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uncontaminated cement-sandstone composite. The bond strength of the composites decreased
with increasing mud contamination. Oil emulsion mud gave the overall lowest bond strength
while bentonite fresh water mud gave the overall highest bond strength. At 10% mud
contamination of cement, the bentonite fresh water mud had reduced the cement-sandstone bond
strength to 141 psi (9.88 kp/cm2) while the oil emulsion mud gave a bond strength of 82 psi (5.75
kp/cm2).
Ladva et al37 investigated the effect of different mud systems on the cement-formation
bond. Effect of mud cake on porous formations and effect of mud treatment on shale were
studied. Clashach sandstone was used as the porous media while Oxford shale and Catoosa shale
were used for the shale experiments. Oxford shale is a swelling shale while Catoosa is a nonswelling shale. The rock samples measured 25.4 mm diameter and 20 mm long. They were
embedded in annular cement with outer diameter of 48 mm and height of 44 mm. A Class G
cement was used and cement-rock samples were cured for 1-8 days at 20°C - 85°C. The cementrock bond strength was measured for all uncontaminated cement-rock sample types after curing
for 24 hrs at 85°C. For the cement-sandstone sample, the cement fractured at 120 psi (>0.8 MPa)
before the interface could be sheared. For the Oxford and Catoosa shales, the bond strengths
were determined to be 0.4 MPa (58 psi) and 0.48 MPa (70 psi) respectively. When the Oxford
shale was debonded, a film of shale was left on the cement but debonding of Catoosa was
through the interface. As curing time increased, the bond strengths generally increased with
cement fracturing observed in many cases. Oil based mud and water based muds were used for
the mud cake experiments. Mudcake was built on the sandstone core by applying a pressure of
0.7 MPa (101.5 psi) for 24 hr at 25°C (77°F). The WBM reduced the cement-sandstone bond
strength to 10-3 MPa (0.145 psi) while OBM reduced it to <10-5 MPa (<0.00145 psi). When
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chemical wash was used on the WBM mud cake before cementing, the bond strength was 3
times greater than when it was unwashed. The failure mode for the mud cake experiments was
through the mud cake. The Oxford shale was also pretreated with OBM, silicate mud, low
inhibitive glycol mud, and polyacrylamides to increase the bond strength but no increase in bond
strength was recorded.
Evans et al57 carried out hydraulic bond tests using 1 mD Indiana limestone and 100 mD
Berea Sandstone. The formation specimens tested had a length of 1.875 in. and a diameter of
either 1.75 in. or 5.25 in. API class A cement was used and samples were cured at 100°F for 24
hrs under 1600 psi pressure. The cement was either squeezed on to the formation or just placed
on it. The squeezing was done at 100 psi (0.69 MPa). Mud cake used was made by squeezing a
6% bentonite mud against the formation for 1 hr at 100 psi (0.69 MPa) pressure and then
reducing the cake size to a thickness of 0.125 in. The hydraulic bond test was performed with a
specially designed apparatus. The hydraulic bond of cement to dry limestone core was found to
be about 10,300 psi (71 MPa). The bond strength of the cement to the sandstone could not be
obtained as the core failed before the interface. The hydraulic bond strength for the mud
contaminated sandstone-cement interface was 165 psi (1.14 MPa) and 260 psi (1.79 MPa), with
squeezed cement having higher bond strength. Hydraulic bond strength of 130 psi (0.9 MPa) and
160 psi (1.1 MPa) were obtained for the limestone-cement interface with the squeezed cement
also having higher bond strength. The authors stated that sandstone showed higher bond strength
because the higher permeability of the sandstone allowed for greater dehydration of cement
which resulted in higher cement strength.
Yong et al58 evaluated the effect of mud cake produced by different types of drilling
fluids on the shear bond strength of the cement-rock interface. The core was made from
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arenaceous quartz and measured 1.97 in length and 0.98 in diameter. The permeability was
between 500x10-3 µm2 (507 mD) and 600x10-3 µm2 (608 mD). The drilling fluids used were
polymer-sulfo drilling fluid, polymer drilling fluid and polymer silicon-based drilling fluid. The
mud cake was produced using a HPHT filter press and applying a pressure of 500 psi at 194°F
for 30 mins. Curing was done for 24 hrs in water bath at 194°F. Shear bond test performed on
uncontaminated core gave a bond strength value of 537.01 psi (3.7 MPa). The tests on the
samples with mud cake gave shear bond strength of 192.07 170.30, and 367.20 psi (1.32, 1.17
and 2.53 MPa) for polymer-sulfo drilling fluid, polymer drilling fluid and polymer silicon-based
drilling fluid respectively. This not only shows that mud cake reduces the bond strength but that
the bond strength varies with the drilling fluid type.
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CHAPTER 3
EXPERIMENTAL SETUP AND PROCEDURE
3.1 Experimental Program
To effectively study the effect of drilling fluid contamination, three different flowthrough experiments were conducted as shown in Table 3.1. The confining pressure used was
2100 psi (14.48 MPa). This value was chosen to mimic a field case where there is a 1 psi/ft
(22,620.59 Pa/m) pressure gradient at a depth of 3000 ft (914.4 m) with 70% horizontal pressure
transfer. The pore pressure gradient was assumed to be 0.45 psi/ft (10,179.27 Pa/m) giving a
pore pressure of 1350 psi (9.31 MPa) at 3000 ft (914.4 m). This gives a net overburden pressure
of 750 psi (5.17 MPa). Each experiment was run for 30 days at 1 ml/min injection rate and
temperature of 72°F (22.22°C).
3.2 Composite Core Preparation
All samples were prepared using 300 mD Berea sandstone and Class H cement. The 1 in
diameter by 12 in long Berea sandstone core was cut longitudinally into two halves, each half
measuring 12 in length. The flat longitudinal surface of each half was roughened with coarse
Norton emery cloth to create a surface that is more representative of a wellbore. The sandstone
was then immersed in distilled water before being placed in a Teflon mold. The wetting of the
sandstone was to prevent loss of water from the cement to the sandstone when the cement is
placed adjacent the sandstone. The class H cement was mixed following API Recommended
Practice for Testing Oil Well Cements, API RP-10B59. To prepare 600 ml of class-H cement
slurry, 860 of class H cement and 327 grams of distilled water were mixed. The mixing was done
with Hamilton Beach Mixer at 4,000 RPM for the first 15 seconds and 12,000 RPM for the next
35 seconds. After mixing, the slurry was degassed using a vacuum pump. The cement slurry was
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contamination

10% mud

contamination

5% mud

contamination

0% mud

Name

12 in (30.48 cm)

12 in (30.48 cm)

12 in (30.48 cm)

Cement with 5%
mud contamination
Sandstone

Cement

Sandstone

Cement
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Cement with 10%
mud contamination
Sandstone

Cement

Longitudinal View

Sample design

200 days

100 days

Curing
Time

0.5 in (12.7 mm)

0.05 in (1.27 mm) 150 days

0.45 in (11.43 mm)

0.5 in (12.7 mm)

0.05 in (1.27 mm)

0.45 in (11.43 mm)

0.5 in (12.7 mm)

0.5 in (12.7 mm)

Cross Sectional View

Table 3.1: Composite core design for flow-through experiments.

then poured into the Teflon mold where a wet sandstone half was already placed as shown in
Figure 3.1. The wait on cement (WOC) period was 24 hrs. The composite core was then demolded and cured in tap water for 100 days, as shown in Table 3.1, to achieve extensive
hydration of the cement (the degree of hydration of cement does not change substantially after 28
days14).
For composite cores with drilling fluid contamination, fresh water mud was also
prepared. 350 ml of distilled water was mixed with 15 g of bentonite, 0.5 g of carboxymethyl
cellulose (CMC) and 0.2 g of NaOH. The mixing was done with Hamilton Beach Mixer at 8,000
RPM for 10 minutes. 10 ml and 5 ml of mud were mixed with 90 ml and 95 ml of cement slurry
respectively using a whisk to achieve 10% and 5% mud contamination. About 100 ml of mudcement mixture was poured on the flat longitudinal surface of horizontally placed half cylindrical
sandstone to obtain ~1.27 mm (0.05 in) thick layer of contaminated cement. The 1.27 mm (0.05
in) is 10% of the total cement thickness of 12.7 mm (0.5 in). The mud-cement mixture was
allowed to set for two hours to prevent mixing with neat cement when the neat cement was
placed beside the contaminated cement. The sandstone with the layer of mud contaminated
cement was then placed in a Teflon mold and neat class H cement slurry was poured into the
mold as shown in Figure 3.1. The wait on cement (WOC) period was 24 hrs. The composite core
was then de-molded and cured in tap water for 150 to 200 days, as shown in Table 3.1.
3.3 Experimental Fluids
The brine composition shown in Table 3.2 was used in all the flow-through experiments.
The brine was originally designed to simulate West Texas formation fluids60. The West Texas
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A

B

Berea sandstone
Mud contaminated
cement placed on
Berea sandstone

D

C

Sandstone
Empty section
of mold

E

Sandstone
Cement

Teflon mold

0% Mud Contamination

5% or 10% Mud Contamination

Figure 3.1: Preparation procedure for composite cores
A: Half cylinder Berea sandstone cores showing the flat longitudinal
surface of the cores roughened with coarse Norton® emery cloth
B: Mud-contaminated cement poured on the half-cylinder Berea
Sandstone
C: Side view of mold with sandstone placed inside and neat cement
poured into the mold
D: Top view of mold with sandstone placed inside
E: Top view of mold with sandstone placed inside and neat cement poured
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A

D

B
A. Longitudinal view
(Interface)

B. Longitudinal view
(Sandstone)

C

C. Longitudinal view
(Cement)
D. Cross sectional view
Figure 3.2: Cement-sandstone composite core.

formation brine contained some Mg and CaCO3. The brine composition was reduced to include
only NaCl and KCl so that the reactions during the experiments could be easily delineated. The
salinity of the brine was about ~20,000 ppm. After mixing the brine, two levels of filtration were
utilized before the brine was delivered to the pump to prevent solids from plugging the flow
channels. The pH of the brine was 6.2 ± 0.2, throughout the flow-through experiments. The
slightly acidic pH is probably due to atmospheric CO2 that dissolved in the brine.
Table 3.2: Brine composition used in experiments60.

Salts
Sodium Chloride
(NaCl)
Potassium Chloride
(KCl)

Amount mixed with
1L of Distilled
Water

Molality (mol/kg)

20.196 g

0.3455 m

0.345 g

0.0046 m
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3.4 Experimental Setup
The following equipment were used for the experiments: biaxial-type core holder, syringe
pump, pressure data acquisition system, back pressure regulator, hydraulic pump, and pressure
gauges. A schematic of the experimental setup is shown in Figure 3.3.
3.4.1 Biaxial Type Core Holder
A Temco biaxial type core holder was used. The core holder contains a Viton® rubber
sleeve that houses the composite cores during the experiment. The core holder and rubber sleeve
were designed to accommodate cores with maximum dimensions of 1 in diameter and 12 in
length. The core holder also has a maximum working pressure of 3500 psi and 500 psi net
overburden pressure was required to seal the annulus between the core and the rubber sleeve to
prevent annular flow. The confining pressure was applied by using an Enerpac hydraulic pump
to deliver hydraulic oil into the core holder. The core holder was mounted in a vertical position
and brine was injected from the bottom to simulate the upward flow of formation fluids at the
cement-formation interface in a vertical wellbore.
3.4.2 Syringe Pump
A syringe pump system was used for the experiments and it comprised of two Teledyne
Isco 500D syringe pumps coupled to a D series pump controller. The two pumps, each having a
capacity of 507 ml, utilize an electric valve manifold to deliver constant continuous flow. Each
pump can deliver flow rates of 0.001 ml/min to 204 ml/min at a maximum pressure of 3750 psi.
3.4.3 Back-pressure Regulator (BPR)
An externally dome-loaded back-pressure regulator was used to supply a back-pressure
of 1350 psi during the experiment. The BPR is designed for a maximum pressure of 5000 psi and
maximum flow rate of 10 ml/min. The dome was charged with nitrogen gas (N2).
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Figure 3.3: Schematic of experimental setup.

Display
Computer

Digital
Transmitter

Pressure
Transducer
+5V DC Power
Supply

Confining
Pressure

Biaxial
Core Holder

Confining
Pressure

Pump
B

1/8” Stainless Steel Tubing
Electrical/Data Cable

Influent
Brine

Pump
A

Syringe
Pumps

Outlet

Biaxial
Core Holder
Syringe
Pump

Inlet
Influent
Brine
Pressure
Transducer

Figure 3.4: Experimental setup showing the vertically oriented core holder and
syringe pumps.
3.4.4 Pressure Data Acquisition System
The pressure data acquisition system consists of an Omegadyne pressure transducer,
Omega digital transmitter, 5V DC power supply, Microsoft Excel ® data logging program and a
computer. The transducer (rated 0-5000 psi with accuracy of 0.25% FS) was used to read the
varying injection pressure at the inlet core face. The voltage signals from the transducer were
sent to the digital transmitter where the signals were converted to digital data with a
microprocessor-controlled integrating A/D converter. The digital data was then transmitted via
RS 485 wires to the computer where the data is logged using the data logging program developed
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by Darryl Bourgoyne, Louisiana State University Petroleum Engineering Research and
Technology Transfer (PERTT) Laboratory Director.
3.5 Material Charaterization Techniques
Pre and post core-flood analysis were carried out to characterize the physical and
chemical processes leading to the varied permeability of the composite core. The following
material characterization techniques were employed.
3.5.1 Surface Profilometry
Surface profilometry is a technique used for surface texture analysis61, 62. It provides a
quantification of the surface roughness of an object. The surface roughness is given in units of
length. Modern profilometers also create 3D topographical maps of the sample surface61. An
optical non-contact profilometer was used in the study. It uses a filtered white light beam was to
scan the surface of the sample. The reflected beam is captured, combined with a reference beam
and processed to obtain the surface roughness. The surface roughness of the Berea sandstone
used in the study was obtained to allow for effective comparison of experimental results with
other studies as surface roughness affects the quality of cement-formation bond. The sandstone
surface was scanned after the surface was roughened with Norton® emery cloth. The surface
profiling was performed with WYKO NT3300 surface profiler at a vertical resolution of <1 nm.
The profiling was performed at the micro-fabrication unit of the Center for Advanced
Microstructures and Devices (CAMD) at Louisiana State University.
3.5.2 X-Ray Computed Tomography (Low Resolution CT)
X-Ray computed tomography is a non-destructive imaging technique that utilizes the xray attenuation coefficient of different components of an object to reconstruct the object63. Its
most common application has been in diagnostic medicine but it has found use in several other
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disciplines including Geology, Petroleum Engineering and Civil Engineering. In the current
study, CT scans were carried out on composite cores as it provided a non-destructive and quick
means to observe the density of different sections of the composite core and evaluate the quality
of the bond along the interface. CT images of the composite cores were obtained pre and post
flow-through experiments for identification of areas where alterations have occurred in the
composite due to the core-flood so that further analysis could be carried out on those sections of
the cores. The composite cores were scanned at Weatherford Laboratories using Toshiba
Aquilion 64 slice Helical CT-scanner at a voxel size of 300 µm x 300 µm x 500 µm. The scanner
was operated at 135 kVp and 200 mA. The composite cores were scanned at the same orientation
before and after the flow-through experiments to allow for easy comparison of the resultant
images.
3.5.3 X-Ray Microtomography (High Resolution CT)
Microtomography (Micro-CT), like low resolution CT, uses the x-ray attenuation
property of different elements in a sample to construct virtual 3D model of the object64. MicroCT scanners are generally smaller than CT scanners and they also possess much higher
resolution; resolution of Micro-CT can be as high as <1 µm65 while that of low resolution CT is
usually in hundreds of micron. In petroleum engineering, Micro-CT is usually employed in pore
network modeling. Small diameter samples are required to allow for complete beam penetration
of the sample, consequently sample size is usually restricted to a few centimeters.
In the study, Micro-CT enabled examination of the composite cores at a much finer scale.
Density variations and presence of pores in the cement that could not be identified using low
resolution CT were observed using micro-CT. To obtain high resolution images from the MicroCT scan, 3 mm diameter mini cores drilled from composite cores were used. Two sets of mini
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Composite core cut into different sections for analysis

Inlet

Outlet

Mini core drilling for
interface evaluation of
0%, 5% or 10%
contaminated core

Mini core drilling for
cement evaluation of
0% contaminated core

Cement
Sandstone

Mini core drilling for
cement evaluation of
5% or 10%
contaminated core

Cement

Neat cement

Sandstone
0%, 5% or 10%
mud contaminated
cement
3 mm diameter interfaceevaluation mini core of
0%, 5% or 10% mud
contaminated core

0% mud
contaminated
cement

5% or 10% mud
contaminated
cement

3 mm diameter cementevaluation mini core of
0% mud contaminated
core

3 mm diameter cementevaluation mini core of
5% or 10% mud
contaminated core

Figure 3.5: Sample preparation procedure for microtomography showing the sections of the
composite core where the mini cores were drilled from and also images of mini cores.
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1

2

Neat cement

3

4

Contaminated
cement

1 in

1 in

Sandstone

1.5 in

1.5 in

(b) 0% mud
contaminated
core

(a) 5% or 10% mud
contaminated core
1 and 3: Cement-evaluation mini cores
2 and 4: Interface-evaluation mini cores

Figure 3.6: Schematics of composite cores showing the orientation utilized during the
drilling of mini cores. The mini cores are represented with dotted lines and the green arrows
indicate direction of drilling.

cores were drilled at the inlet and outlet of the post core-flood composite cores and also from the
control samples as shown in Figure 3.5. The first set of mini cores was drilled to examine the
cement-sandstone interface (interface-evaluation mini cores) and the second was drilled to
evaluate the depth of cement degradation (cement-evaluation mini cores). For the 0%
contaminated composite core, the cement-evaluation mini cores were drilled from the top of the
cement half of the composite core down to the cement-sandstone interface as shown in Figure
3.5 and Figure 3.6b. This provides a cement mini core that spans the thickness of the cement in
the composite core. The cement-evaluation mini cores for the 5% and 10% contaminated cores
could not be drilled in the same way the 0% contaminated core was drilled because there was
possibility of not obtaining the 1.27 mm thick contaminated cement layer at the interface. The
cement-evaluation mini cores were however drilled from the side of the mini cores near the
interface as shown in Figure 3.5 and Figure 3.6a. The interface-evaluation mini cores were
drilled from the side of the mini cores; the same orientation was used for all the composite cores
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as shown in Figure 3.5 and Figure 3.6. The drilling of the mini cores was carried out at the Rock
Preparation Laboratory in the Department of Geology & Geophysics at Louisiana State
University using a coring bit attached to a drill press. The mini cores were scanned using x-ray
energy of 30 KeV at a spatial resolution of 2.5 µm and 0.5 degree increments. The scanning was
performed at the Center for Advanced Microstructures and Devices (CAMD) at Louisiana State
University. The scans were performed in 1.28 mm steps along the height of the samples and each
1.28 mm height contained one about 1 GB of data after the images were reconstructed and
cropped.
3.5.4 Image Based Porosity
After the Micro-CT images were processed, sub-volumes were extracted from different
sections of interest in the 3D gray scale images for image based porosity evaluation. Increased
porosity of the cement at the end of the core-flood indicates increased leaching of the cement.
The evaluated porosity provided a quantification of the degree of leaching that occurred in the
different regions of the cement.
To obtain the porosity of the different sections, the 3D gray scale images were first
segmented. Segmentation is the process of converting the gray scale images to binary images by
isolating two distinct phases based on their intensity values66. Threshold intensity values are
usually used to separate the two phases. In the current study an indicator based krigging
algorithm was used for the segmentation. Indicator krigging uses two threshold intensity
values66; intensity values above the higher threshold value were assigned as one phase (matrix)
while intensity values below the lower threshold value were assigned as the second phase
(pores). Intensity values between the two threshold values were assigned to either phase (matrix
or pores) based on the best estimate obtained by using an algorithm. Threshold values were
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selected from a 0-255 scale since an 8-bit gray scale image contains 256 (28) shades of gray. To
complete the segmentation, each voxel in the first phase (matrix) was assigned a value of one
and each voxel in the second phase (pores) was assigned a value of zero effectively converting
the image into a binary image with one representing matrix and zero representing pores. The
Pelican high performance computer at LSU visualization center was used for the segmentation.
Thereafter, the histogram tool in ImageJ67 software was used to process the resultant binary
images and obtain the porosity by evaluating the ratio of the number of 0’s to the total number of
0’s and 1’s. The porosity obtained was dependent on the resolution of the Micro-CT images.
Since the resolution was 2.5 µm, only pores larger than 5 µm could be identified66.
3.5.5 Light (Optical) Microscopy
Light (optical) microscopy uses visible light and assortment of lenses to magnify images
of small objects68. Some of the parts of a light microscope are objective lens, ocular lens, light

Sandstone

Cement Sandstone Resin

Cement

Composite core cut into different sections for analysis

Inlet

Outlet

Figure 3.7: Sample preparation procedure for scanning electron microscopy and optical
microscopy showing where the samples were taken from.
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source, stage etc. Modern microscopes are usually equipped with cameras to capture digital
images. In this study, optical microscopy was performed with Leica DM2500 M equipped with a
Leica DFC450 C digital camera. It was employed for two main purposes. One use was for quick
examination of samples to identify sections of interest so that further analysis could be
performed on those areas. The second purpose was to obtain color images of stained thin sections
of composite cores so that calcium distribution and carbonation in the cement could be observed.
The optical microscope also provided larger field of view than the scanning electron microscope
so that larger surface areas of the composite core could be observed, allowing capturing images
of entire contaminated region. The thin sections were stained with alizarin red which turns
calcium rich areas pale pink and carbonated areas purple or deep red. Figure 3.7 shows where the
samples for the thin sections were obtained from. The optical microscopy was performed at the
Sustainable Energy and Environmental Research (SEER) Laboratory in the Department of
Petroleum Engineering, Louisiana State University.
3.5.6 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy uses a beam of electrons instead of light to generate
magnified images of small objects. The SEM has an advantage over the light microscope
because it has larger depth of field, much higher magnification and finer gradation in
magnification levels. The magnification can be up to 500,000x producing a resolution as high as
1 nm. The object of interest is placed in the microscope and scanned with an electron beam. The
interaction of the electrons with the object generates secondary electrons, backscattered
electrons and X-rays69. These signals are detected and processed to provide information about
the object’s topography and composition. To detect the different signals, the microscope needs to
be equipped with secondary electron detector, back scatter electron detector and energy
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dispersive x-ray spectroscopy (EDS) system respectively. The secondary electron imaging
mainly provides information about the topography of the object. The reflection of backscattered
electrons from the object is a function of the atomic number of the elements on the surface and
therefore provides some information about the elemental composition of the object. EDS uses the
characteristic x-rays emitted by the object to determine the elemental composition of the object.
SEM can also be performed in a low vacuum mode called Environmental Scanning Electron
Microscopy (ESEM). ESEM allows for imaging of uncoated non-conductive and wet materials
which means that materials are imaged in their unaltered states. The secondary electron
microscopy allowed for general observation on the Berea sandstone and identification of clays in
the sandstone. The backscattered electron microscopy mode provided density contrast between
areas that are calcium rich (Ca=40) and areas that are silicon rich (Si=28). With the impregnation
of the composite core with resin, it enabled the confirmation of connectivity between the large
pores created in the contaminated layer and the pores in the sandstone. Some samples were
polished and coated with platinum to achieve improved imaging quality. The SEM images were
captured using Hitachi S-3600N Scanning Electron Microscope at the Material Characterization
Center in the Department of Mechanical Engineering, Louisiana State University.
3.5.7 X-Ray Diffraction (XRD)
XRD is a material analysis technique used in identification and quantification of the
crystalline phases in a sample. In this analysis technique, X-rays are emitted onto the sample
being analyzed and the atoms of the sample diffract the x-rays70. The diffracted rays are
captured, usually by a film, and the resulting spectra are analyzed to identify the crystalline
phases in the sample. It was used for two purposes during the research. First was to evaluate the
Berea Sandstone mineralogical composition which confirmed the presence of clays that were
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also observed in the Scanning Electron Microscopy images. Second was to investigate the
crystallinity of the brown layer observed at the inlet of the composite core. A Rigaku
Corporation Miniflex located at the Louisiana State University Material Characterization Center
was used for XRD of the Berea sandstone. It was operated at SCHV of 630 and scan speed of 4°
per minute from 5° to 70°. To obtain the x-ray diffractogram of the brown layer, a
Bruker/Siemens D5000 X-Ray diffractometer with dual goniometer located in the Department of
Geology and Geophysics at Louisiana State University was used. It was operated at 40 KV, 30
mA and 0.02 degree step per 2.0 degree seconds from 2 to 70 degrees.
3.5.8 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
ICP-OES is a technique used in analysis of solutions to identify elements that are present.
The solution of interest is exposed to very high temperature in the core of inductively coupled
argon plasma (ICP). At very high temperatures, the elements in the solution become excited and
emit light at the elements characteristic wavelength. The emitted light is used to identify and
quantify the elements present in the sample. ICP-OES was used to analyze the influent and
effluent brine samples taken daily throughout the experiment. This enabled the identification and
quantification of the chemical composition of the brine to evaluate the dissolution/precipitation
of different minerals from the cement/sandstone. The samples were analyzed in the LSU School
of Plant, Environmental and Soil Sciences using a Spectro CirosCCD ICP-OES machine.
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CHAPTER 4
RESULTS AND DISCUSSION
Results obtained from the flow-through experiments and from the analysis techniques
described in Chapter 3 are presented in this chapter. These results are presented according to the
experimental techniques. Discussion of the results is presented along with the results.
4.1 Surface Profilometry
The surface profile of the Berea sandstone was obtained before cement was placed on the
sandstone to obtain a quantification of the roughness of the sandstone. High surface roughness
provides larger surface area for cement to bond to the rock creating a more effective bond. The
2D and 3D surface profiles are shown in Figure 4.1. In the 2D profile, red represents peaks while
white represents valleys. In the 3D profile, red represents peaks while blue represents valleys.
Figure 4.2 explains the roughness values obtained from the surface profile. The root mean square
value (Rq) of the peaks and valleys is normally accepted as the roughness value71 and it was
obtained to be 2.33 µm. The arithmetic mean of the peaks and valleys (Ra) was 1.70 µm while
the distance between the highest peak and lowest valley (Rt) was 27.59 µm.

(b) 3D Surface Profile of Berea
(a) 2D Surface Profile of Berea
Sandstone
Figure
4.1: Surface profile of 113 µm x 149 µmSandstone
section of Berea sandstone showing the
peaks and the valleys. The red represents peaks in both plots while the white and blue
represent valleys in the 2D and 3D plots respectively. The large red patch on the plots
indicates quartz crystal while the white and blue regions indicate where pores are present.
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Rp: Peak distance from mean line

Rv: Valley distance from mean line

Ra: Arithmetic mean of Rp’s and Rv’s

Rq: Root mean square value of the Rp’s and Rv’s

Rt: Distance between the highest peak and lowest valley
Figure 4.2: Plot showing how the surface roughness values were obtained.

4.2 X-Ray Computed Tomography (Low Resolution CT)
X-Ray Computed Tomography images of whole composite cores were obtained to
evaluate the nature and quality of the bond between the cement and the sandstone. The images
were obtained before and after the core-flood to identify areas that have been altered during the
flow-through experiments so that further analysis could be carried out on those sections. The
images obtained are shown in Figure 4.3. The different shades of gray in a CT image correspond
to the x-ray attenuation coefficient of the different sections of the scanned sample. This
attenuation coefficient is dependent on the density and atomic mass of the volume of the sample;
areas with high density or atomic mass are bright while voids are black. The white bands found
on the edges of axial slices of the images are products of beam hardening effect caused by loss of
the lower-energy parts of the x-ray spectrum as the x-ray beam penetrates the sample72. The
cross sectional slices (C1 and C2) were taken from approximately the same points on the pre and
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Figure. 4.3: Low resolution CT images of 1 in by 12 in cement-sandstone composite cores. The
brighter half is the cement while the darker half is the sandstone. Longitudinal and cross
sectional views of the image reveal effective bonding between the cement and the rock before
and after core-flooding.
46

post core-flood composite core CT images for effective comparison. The longitudinal and cross
sectional views of the CT-image of the 0% contaminated composite core (Figure 4.3a) show that
a good bond was established between the cement and the rock before the core-flood.
Examination of the post core-flood CT images (Figure 4.3b), shows that a good bond was also
established between the cement and the rock at the end of the 30 day flow-through experiment.
Alteration of the composite core interface due to the core-flood could not be confirmed from the
images at the 300 µm x 300 µm x 500 µm voxel resolution of the scan. The CT-images of the pre
core-flood 10% mud contaminated composite core is shown in Figure 4.3c. Examination of the
longitudinal and cross sectional images of the composite core showed that a good bond was
established between the sandstone and the cement. The composite core was however not scanned
at the end of the experiment since we discovered from the 0% composite core scan that the beam
hardening effect was interfering with critical data at the interface.
4.3 Micro-CT (High Resolution CT) and Image Based Porosity
Micro-CT was used to examine the composite cores at a much finer scale. The voxel size
of the low resolution CT was 300 µm x 300 µm x 500 µm while that of the Micro-CT was 2.5
µm x 2.5 µm x 2.5 µm. The Micro-CT therefore provides a 2,880,000x decrease in voxel size.
Since no specific areas of alteration were observed in the low resolution CT images, the inlet and
outlet sections of the composite cores were selected for Micro-CT analyses. Two sets of mini
cores were drilled at the inlet and outlet of the composite cores. The first set was drilled to
examine the cement-sandstone interface (interface-evaluation mini cores) and the second was
drilled to evaluate the depth of cement degradation (cement-evaluation mini cores). Mini cores
were also drilled from control samples so that alterations due to the flow-through experiments
could be identified. The mini cores were drilled as shown in Figure 4.4.
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In carrying out image based porosity calculations, three different subvolumes extracted
from each region of the Micro-CT images were used to eliminate bias. For porosity calculations
on the subvolumes, three sets of threshold values were also utilized for increased accuracy. Since
the 1D resolution of the images was 2.5 µm, only pores larger than 5 µm could be identified66.
The axial slices presented in Figure 4.5 to Figure 4.7 were chosen to represent typical
observations in the imaged volume.
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Figure 4.4: Schematics of composite cores showing the orientation utilized during the drilling
of mini cores and the resultant cross sections after drilling. The mini cores are represented
with dotted lines and the green arrows indicate direction of drilling.
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4.3.1 Mud Contamination Experiment [0%]
The Micro-CT images obtained from the 3 mm diameter mini cores are shown in Figure
4.5 and 4.6. For the cement-evaluation mini cores, about 3.84 mm length of each mini core was
imaged while about 2.56 mm length of each interface-evaluation mini core was imaged.
For the control sample, the cement-evaluation mini core showed uniform density
throughout the mini core while two distinct zones with different densities were observed in the
core-flooded cement-evaluation mini cores as shown in Figure 4.5. The Micro-CT also captured
the transition point between the two zones in the core-flooded mini cores. The higher density
zone indicated by brighter gray color represents neat cement. The lower density zone was closer
to the sandstone and is shown by dark gray color in Figure 4.5; increased number of black spots
in the lower density zone show that porosity increased in the zone. The thickness of the lower
density region was ~950 µm for both the inlet and the outlet mini cores. The lower density region
was created due to the leaching of cement by the flowing brine during the flow-through
experiment.
The interface-evaluation mini core from the control sample also showed uniform density
in the cement (Figure 4.6). The presence of lower and higher density zones in the core-flooded
samples were confirmed by the interface-evaluation mini cores. The area of reduced density was
observed to be larger (thickness ~950 µm) at the outlet than at the inlet (thickness ~370 µm). The
porosity of neat cement was found to be 0.02% while the porosity of the lower density zone was
found to be 6.67%.
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Figure 4.5a: Micro-CT images of 3 mm diameter mini cores drilled from the cement of the
0% mud contaminated cement-sandstone composite core (inlet and outlet) after 30 days of
core-flood and also from a control sample. The control sample mini core shows uniform
density (uniform brightness). The post core-flood mini cores (inlet and outlet) on the other
hand reveal presence of lower density cement (dark gray color) close to the sandstone. The
black spots in the lower density region indicate increased porosity. The zones numbered 1,2,
and 3 are where the axial slices in Figure 4.5b were taken from.
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Figure 4.5b: Axial slices of Micro-CT images of 3 mm diameter mini cores drilled from the
cement of the 0% mud contaminated cement-sandstone composite core (inlet and outlet) after
30 days of core-flood and also from a control sample. The control sample mini core shows
uniform density (uniform brightness). The post core-flood mini cores (inlet and outlet) on the
other hand reveal presence of lower density cement (dark gray color) close to the sandstone.
The black spots in the lower density region indicate increased macroporosity.
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Figure 4.6a: Micro-CT images of 3 mm diameter mini cores drilled from the cementsandstone interface of the 0% mud contaminated cement-sandstone composite core (inlet and
outlet) after 30 days of core-flood and also from a control sample. The cement in the control
sample show uniform density (uniform brightness). The post core-flood mini cores (inlet and
outlet) on the other hand reveal presence of lower density cement (dark gray color) close to
the sandstone. The black spots in the lower density region indicate increased macroporosity.
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Figure 4.6b: Axial slices of Micro-CT images of 3 mm diameter mini cores drilled from the
cement-sandstone interface of the 0% mud contaminated cement-sandstone composite core
(inlet and outlet) after 30 days of core-flood and also from a control sample. The cement in
the control sample show uniform density (uniform brightness). The post core-flood mini cores
(inlet and outlet) on the other hand reveal presence of lower density cement (dark gray color)
close to the sandstone. The black spots in the lower density region indicate increased
macroporosity. Axial slices were chosen to represent typical features in the mini cores.
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4.3.2 Mud Contamination Experiment [5%]
The Micro-CT images obtained from the 3 mm diameter mini cores drilled from the 5%
mud contaminated composite core are shown in Figure 4.7 and 4.8. For both the cementevaluation mini cores and interface-evaluation mini cores, ~2.56 mm length of each mini core
was imaged.
In the control sample shown in Figure 4.7, there was no identifiable difference in density
between the contaminated and uncontaminated layers of the cement-evaluation mini cores (both
showed the same brightness levels). The core-flooded mini cores on the other hand showed
reduction in density of the cement close to the sandstone. The density reduction was due to the
leaching of cement by the flowing brine during the flow-through experiment. The density
reduction, which is indicated by darker gray color, extended ~870 µm into the cement. The
density reduction progressed beyond the mud contaminated layer into the neat cement layer.
The control sample of the interface-evaluation mini cores did not indicate significant
density difference between the contaminated and uncontaminated layers. As with the cementevaluation mini cores, lower and higher density zones were observed in the interface-evaluation
mini cores of the core-flooded samples (Figure 4.8). The lower density region was larger
(thickness ~850 µm) in the outlet than at the inlet (thickness ~350 µm); as was observed in the
0% mud contamination composite cores. The porosity of neat cement was found to be 0.02%
while the porosity of pre core-flood contaminated cement was found to be 0.1%. At the end of
the flow-through experiment, the porosity of the lower density region varied amongst the mini
cores. The porosity in the outlet interface-evaluation mini core was highest at 8.77% while the
porosity in both inlet and outlet of the cement-evaluation mini cores was lowest at 6.85% as
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shown in Figure 4.7b and 4.8b. Large pores were also observed in the mud contaminated cement
as shown in Figure 4.8a and 4.8b.
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Figure 4.7a: Micro-CT images of the mini cores drilled from the cement of the 5% mud
contaminated cement-sandstone composite core (inlet and outlet) after 30 days of core-flood
and also from a control sample. The neat cement and contaminated cement in the control
sample show no significant density difference (no difference in brightness levels). The post
core-flood mini cores (inlet and outlet) on the other hand reveal presence of lower density
cement (dark gray color) close to the sandstone. The black spots in the lower density region
indicate increased macroporosity.
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Figure 4.7b: Axial slices of Micro-CT images of the mini cores drilled from the cement of the
5% mud contaminated cement-sandstone composite core (inlet and outlet) after 30
days of coreɸ=7.36%
flood and also from a control sample. The neat cement and contaminated cement in the control
sample do not show identifiable density difference (no difference in brightness levels). The post
core-flood mini cores (inlet and outlet) on the other hand reveal presence of lower density
cement (dark gray color) close to the sandstone. The black spots in the lower density region
indicate increased macroporosity. Axial slices chosen to represent typical observations in the
mini cores.
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Figure 4.8a: Micro-CT images of the mini cores drilled from the cement-sandstone
interface of the 5% mud contaminated cement-sandstone composite core (inlet and outlet)
after 30 days of core-flood and also from a control sample. The neat cement and
contaminated cement in the control sample show no significant density difference (no
difference in brightness levels). The post core-flood mini cores (inlet and outlet) on the
other hand reveal presence of lower density cement (dark gray color) close to the
sandstone. The black spots in the lower density region indicate increased macroporosity.
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Figure 4.8b: Axial slices of Micro-CT images of the mini cores drilled from the cementsandstone interface of the 5% mud contaminated cement-sandstone composite core (inlet and
outlet) after 30 days of core-flood and also from a control sample. The neat cement and
contaminated cement in the control sample show no significant density difference (no
difference in brightness levels). The post core-flood mini cores (inlet and outlet) on the other
hand reveal presence of lower density cement (dark gray color) close to the sandstone. The
black spots in the lower density region indicate increased macroporosity.
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4.3.3 Mud Contamination Experiment [10%]
In the 10% mud contamination experiment, about 3.84 mm length of each cementevaluation mini core was imaged while ~2.56 mm length of each interface-evaluation mini core
was imaged. The cement-evaluation mini core of the control sample showed density gradation
between the contaminated and uncontaminated layers of the cement. In the cement-evaluation
mini cores from core-flooded composite core, large pores were observed in the mud
contaminated region while the neat cement was left intact as shown in Figure 4.9. The large
pores are shown as black patches in the Micro-CT images. The large pores were created due to
the leaching of the contaminated cement by the flowing brine during the flow-through
experiment.
The interface-evaluation mini cores corroborated the observations from the cementevaluation mini cores as shown in Figure 4.10. The mud contaminated cement closest to the
sandstone had very large pores present while the neat cement did not show increased porosity.
The large pores were mostly oriented parallel to the sandstone surface, indicating that those areas
contained mud which spread out laterally during the wait-on-cement period for the mud
contaminated layer.
The porosity of neat cement was found to be 0.02% while the porosity of pre core-flood
contaminated cement was found to be 0.65%. At the end of the flow-through experiment, the
porosity of the contaminated cement rose to as much as 12.53% in all the mini cores except for
the inlet cement-evaluation mini core which had porosity of 5.85%as shown in Figure 4.9b and
4.10b. A zone of low density (dark gray) was also observed around some of the large pores as
shown in Figure 4.9b and 4.10b.
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The post core-flood mini cores (inlet and outlet) on the other hand reveal presence of large
pores in the contaminated cement. The large pores are indicated by black spots in the
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Figure 4.9b: Axial slices of Micro-CT images of the mini cores drilled from the cement of the
10% mud contaminated cement-sandstone composite core (inlet and outlet) after 30 days of coreflood and also from a control sample. The neat cement and contaminated cement in the control
sample show slight density gradation between them (difference in brightness levels). The post
core-flood mini cores (inlet and outlet) on the other hand reveal presence of large pores in the
contaminated cement. The large pores are indicated by black patches in the contaminated cement.
A reduced density zone is also observed around some of the large pores.
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Figure 4.10a: Micro-CT images of the mini cores drilled from the cement-sandstone
interface of the 10% mud contaminated cement-sandstone composite core (inlet and outlet)
after 30 days of core-flood and also from a control sample. The neat cement and
contaminated cement in the control sample show slight density gradation between them
(difference in brightness levels). The post core-flood mini cores (inlet and outlet) on the
other hand reveal presence of large pores in the contaminated cement. The large pores are
indicated by black patches in the contaminated cement.
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Figure 4.10b: Axial slices of Micro-CT images of the mini cores drilled from the cementsandstone interface of the 10% mud contaminated cement-sandstone composite core (inlet and
outlet) after 30 days of core-flood and also from a control sample. The neat cement and
contaminated cement in the control sample show slight density gradation between them
(difference in brightness levels). The post core-flood mini cores (inlet and outlet) on the other
hand reveal presence of large pores in the contaminated cement. The large pores are indicated by
black patches in the contaminated cement. A reduced density zone is also observed around some
of the large pores.
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4.4 Pressure Profile
The back pressure was kept at 1350 psi during the flow-through experiments and the
varying injection pressure was continuously recorded with the aid of a pressure transducer. The
pressure drop values obtained from the three flow-through experiments are plotted in Figure 4.11
as a function of time. The pressure drop profiles show that the three different experiments had
three different pressure drop values at the start of the flow-through experiments. The pressure
drop at the start of the 0% mud contamination experiment was ~40 psi while that of the 5% and
10% mud contamination experiments were ~15 psi and ~29 psi respectively. These initial
pressure drop values were all higher than the 9.8 psi expected from the 300 mD Berea sandstone
used. The pore volume of the sandstone was 15.44 cc as shown in Table 4.1 therefore ~93 PV of
brine was injected daily throughout each 30-day flow-through experiment.
During the flow-through experiments, the pressure drop showed periodic increase and
leveling off as the experiments progressed. However, the 5% and 10% mud contamination
experiments showed longer periods of pressure drop stability as shown in Figure 4.11.
Table 4.1: Properties of typical Berea sandstone core used for each composite core.
Property

Value/Description

Shape

Half cylinder

Dimensions

1 in diameter X 12 in length

Bulk volume

77.22 cc

Porosity*

20%

Pore volume

15.44 cc

*Value obtained using image based methods and the value agreed with porosity values reported
in literature 73, 74.
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Figure 4.11: Pressure profile of the core-flood experiments. The pressure drop periodically
increased and leveled off as the experiments progressed. The periods of pressure drop stability
were longer in the 5% and 10% mud contamination experiments.

4.5 pH Measurements
pH measurements were carried out on the effluent brine samples taken daily throughout
the three flow-through experiments and the pH measurements are plotted in Figure 4.12. The
first pH measurement of the effluent brine was taken 24 hrs after the start of the experiment and
subsequent pH measurements were taken after every 24 hrs. The pH of the influent brine and the
fresh water mud used were also measured. The pH of the mud was obtained to be 12 ± 0.10
while the pH of the influent brine was pH 6.20 ± 0.20 throughout the experiments. Since the pH
of cement pore water (pH ~13) and the fresh water mud (pH 12 ± 0.10) were much higher than
the pH of the influent brine (pH 6.20 ± 0.20), effluent brine pH was a good indicator of the level
of dissolution of the cement. Higher pH values indicate greater cement dissolution. As shown in
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Figure 4.12, the pH values of the effluent brine in the 5% and 10% mud contamination
experiments were higher than the pH of the effluent brine in the 0% mud contamination
experiment. For the 0% contamination experiment, pH increased from 6.2 ± 0.20 to 9.49 ± 0.30
and for the 10% contamination experiment, pH increased from 6.2 ± 0.20 to 9.78 ± 0.40. The pH
of the 5% mud contamination experiment increased from 6.2 ± 0.20 to 9.84 ± 0.30.
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Figure 4.12: Plot of pH measurements of effluent samples taken daily. The pH values for
effluent brine from 0% contamination experiment were generally lower than those of 5%
and 10% contamination experiments.
4.6 X-ray Diffraction (XRD) Data
X-ray diffraction was used to analyze the Berea sandstone to ascertain different minerals
that were present. Quartz, albite and clays were identified from the diffractogram as shown in
Figure 4.13. XRD was also used to evaluate a brown deposit observed at the inlet of all the
composite cores at the end of the flow-through experiments (Figure 4.14b). The brown deposit
was not present at the inlet of the composite cores at the beginning of the experiments as shown
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Figure 4.13: XRD plot for Berea Sandston showing presence of Quartz, Albite and clays.
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(a)
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Cement

Brown Deposit

Sandstone

Figure 4.14: Inlet of cement-sandstone composite core showing
(a) A clean surface at the inlet at the beginning of the flow-through experiment
(b) Presence of brown layer at the inlet at the end of flow-through experiment

Figure 4.15: XRD plot for the brown deposit observed at the inlet of the composite cores at
the end of core-flood. The plot has no identifiable peaks showing that the substance is
amorphous. Amorphous silica gel is the final product of cement degradation.
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in Figure 4.14a. The diffractogram obtained from XRD of the brown deposit is shown in Figure
4.15. The absence of peaks in the diffractogram shows that the brown deposit is amorphous.
Amorphous silica gel is the final stage of cement degradation and several studies have reported
the development of a brown layer as the final stage of cement degradation23, 75.
4.7 Scanning Electron Microscopy (SEM) Images
Scanning electron microscopy was carried out to evaluate the composite cores and Berea
sandstone to corroborate observations from other analysis techniques. Images of fresh Berea
sandstone used in the study were obtained using secondary electron microscopy to evaluate the
composition of the sandstone. The images (Figure 4.16) show quartz crystals surrounded by
clays. These clays were also confirmed by the XRD difractogram of the fresh Berea sandstone.
The backscattered electron microscopy mode provided density contrast between areas that are
calcium rich (Ca=40) and areas that are silicon rich (Si=28). The samples used for back scattered
electron microscopy were prepared by impregnating a section of the composite core cut from the
inlet, with resin. The samples were also coated with platinum to obtain high quality images.
For the 0% contamination composite core, a zone of reduced density was observed at the
cement-sandstone interface at the end of the flow-through experiment. The zone can be identified
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Q
C
C
Q

Q

Q: quartz Clays: clays
Figure 4.16: Secondary Electron Microscopy images of fresh Berea sandstone showing
quartz crystals surrounded by clays.
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as a dark band that runs along the length of the cement-sandstone interface as shown in Figure
4.17b and Figure 4.17c. This dark zone is absent at the cement-sandstone interface in the control
sample shown in Figure 4.17a.
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Figure 4.17: Back scattered electron microscopy images of 0% mud contaminated core
showing a low density region in the cement closest to the cement-sandstone interface in
the post core flood sample; this zone is clearly absent in the pre core-flood sample
(a) Pre core-flood composite core
(b) and (c) Post core-flood composite core
For the post core-flood 10% mud contaminated composite core, the resin filled the
interconnected pores of the sandstone as well as the large pores in the contaminated cement at
the cement-sandstone interface as shown in Figure 4.18. This shows that there was
interconnectivity between the large pores in the contaminated cement and the pores in the
sandstone and therefore there was flow of fluids into the large pores. Interconnectivity of the
large pores was however not observed and this showed that the large pores did not increase the
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effective permeability of the composite core. Resin filled pores are shown as very dark gray in
the images. The region surrounding the resin filled pores in the cement also showed density
reduction (indicated by dark gray color). No pores were observed in the contaminated cement at
the cement-sandstone interface of the control sample.
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Figure 4.18: Back scattered electron microscopy images of 10% mud contaminated core
showing large pores filled with resin in the cement closest to the cement-sandstone interface
in the post core flood sample. The pre core-flood sample clearly shows absence of large pores
(a) Pre core-flood composite core
(b) and (c) Post core-flood composite core

4.8 Light (Optical) Microscopy
Thin sections of the composite cores measuring about 20 µm thick were prepared and
used for optical microscopy. The thin sections were stained for easy identification of minerals
present as different minerals show different coloration when stained. The varied coloration can
be used to understand the reaction processes that occurred during the flow-through experiments.
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Alizarin red was used for calcite staining, therefore calcium rich regions will appear pink and
carbonated area will appear red to purple.
In the optical image of the pre core-flood 0% mud contaminated composite core,
extensive pink coloration of the cement was observed as shown in Figure 4.19a. This indicates
presence of calcium throughout the cement.
In the post core-flood image, a 600 µm wide region of the cement with reduced calcium
content was observed close to the cement-sandstone interface as shown in Figure 4.19b. The
reduced calcium content is indicated by the sparse pink coloration in the region. The calcium
reduction was the result of leaching of the cement by the injected brine. The rest of the cement
retained high calcium content indicated by the extensive pink coloration as shown in Figure
4.19b. The boundary between the reacted cement and neat cement is relatively sharp as could be
seen in the image; indicating a consistent dissolution front.
The optical image of the pre core-flood 10% mud contaminated core showed that both the
contaminated and neat cement had extensive pink coloration as shown in Figure 4.19c. The dark
pink coloration in the contaminated cement closest to the sandstone signified high level of
carbonation in that region. Zones with high mud contamination were also identified within the
contaminated cement.
For the post core-flood image of 10% mud contaminated core, the contaminated and neat
cement also had extensive pink coloration as shown in Figure 4.19d. A carbonated region was
also observed close to the sandstone. Zones with high mud contamination were also identified
within the contaminated cement. Large pores were however observed within the contaminated
cement; one of such pores is shown in Figure 4.19d. The presence of large pores in the
contaminated cement of the post core-flood composite core was the major alteration of the
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composite core observed at the end of the 30-day core flood as most of the cement appeared
unaltered.
SS

(a)

NC
High calcium
content

SS

RC

NC

(b)
High calcium
content

Low calcium
content

SS

(c)

CC

NC

Zone with
high mud
contamination

High calcium
content

Carbonated
region

SS

(d)

NC

CC

Carbonated
region

High calcium
content

Large pore

RC: reacted cement
NC:III
neat cement CC: contaminated cement
SS: sandstone
Figure 4.19: Optical Images of cement-sandstone composite cores. Pink coloration indicates
areas with high calcium content and red to purple indicates carbonated areas
(a) Pre core-flood 0% mud contaminion
(b) Post core-flood 0% mud contamination
(c) Pre core-flood 10% mud contamination
(d) Post core-flood 10% mud contamination
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4.9 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
ICP-OES analysis was carried out to evaluate the cations present in the brine so that the
reactions between the composite core and the injected brine could be delineated. The various
cations analyzed and their respective concentrations are presented in Table 4.2. The cations
present in the injected brine were first assessed to provide a base for describing the alterations in
the flowing brine. The Ca concentration observed in the injected brine was low at 0.2484 mg/L.
The Na and K concentrations in the injected brine were high (7110 mg/L and 314.1 mg/L
respectively) since NaCl and KCl were used in preparing the brine.
Table 4.2: ICP-OES analysis of influent and effluent brine samples showing the concentration of
different cations present. The brine samples analyzed were for the 1st, 15th and 30th day of each
flow-through experiment.
Sample ID

Analyte
Al

Ca

Fe

K

Mg

Mn

Comments
Na

Si

Ti

S

------------------------------------------------mg/L---------------------------------------------Control

0.906

0.248

ND

314.100

Influent
0.052
ND

7110.000

0.500

ND

0.000

0% Day 1

1.102

12.030

ND

307.200

Effluent
0.217
ND

7647.000

3.549

ND

0.342

0% Day 15

1.051

14.640

ND

281.400

0.276

ND

7371.000

2.763

ND

0.495

0% Day 30

1.052

18.150

ND

304.200

0.246

ND

7506.000

3.006

ND

0.384

5% Day 1

0.972

17.760

ND

311.700

0.254

ND

7572.000

2.544

ND

0.251

5% Day 15

1.109

15.570

ND

165.900

0.349

ND

7437.000

2.565

ND

0.133

5% Day 30

0.956

15.570

ND

289.500

0.337

ND

7518.000

2.085

ND

0.212

10% Day 1

1.218

9.978

ND

302.700

0.191

ND

7500.000

3.510

ND

0.059

10% Day 15

0.950

14.766

ND

310.200

0.314

ND

7482.000

2.607

ND

0.119

10% Day 30

0.990

14.985

ND

336.600

0.341

ND

7476.000

2.940

ND

0.211

All
samples
were
analyzed
after 3
times
dilution
with 2.5%
HNO3;
Reported
Results
were
corrected
for
Dilution

The Ca content of the effluent brine samples from the three flow-through experiments
was much higher than that of the influent brine. The Ca content ranged from 9.978 to 18.15
mg/L. The average Ca content in the effluent was therefore ~60 times that of the influent brine.
The high Ca content in the effluent brine was due to cement leaching.
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The K content of the effluent was generally slightly lower than the K in the influent brine
which suggests that there was a slight net flux of K out of the brine into the cement. The Na
concentration was slightly higher in the effluent than in the influent and this indicated that Na
was being leached from the cement by the flowing brine. The Mg and Si concentrations in the
effluent brine samples were also higher than those of the influent brine. The average Mg and Si
content of the effluent brine samples were more than 5 times those of the influent brine. The Si
content of the effluent brine samples from the contaminated and uncontaminated composite cores
were about the same showing that the increased Si in the effluent brine samples was not
primarily from the mud in the mud contaminated cement but rather from the sandstone.
There was no observable difference between the amount of Al in the effluent brine
samples and the influent brine showing that Al was not being leached from the composite core.
The S content of the effluent brines was also higher than that of the influent brine indicating
leaching of S by the flowing brine from the composite core.
4.10 Discussion of Results
4.10.1 pH Increase
The high pH of the effluent brine from the flow-through experiments indicates that
dissolution of cement (pH~13) was taking place during the flow-through experiments. The lower
pH of the effluent brine of the 0% mud contamination experiment compared to the 5% and 10%
mud contamination experiment indicates that less cement dissolution occurred during the 0%
mud contamination experiment. When cement comes in contact with low pH brine, there is
exchange of ions between the highly alkaline cement pore solution (pH~13) and the slightly
acidic brine. The high alkalinity of the cement pore solution is provided by abundant Na+, K+ and
OH- ions in the solution while the brine contains Na+, K+ and Cl-. The influent brine slightly
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acidified by atmospheric CO2 also contains some CO32- and HCO3- ions. The incompatibility
between the two solutions results in exchange of ions. The ion exchange is an equilibration
process that results in the outward diffusion of OH- ions from the cement pore solution to the
leaching brine with consequent reduction in the pH of the cement pore solution. The reduction in
the pH of the cement pore solution induces dissolution of Ca(OH)2 to supply OH- to maintain
equilibrium in the environment. The constant diffusion of OH- ions into the leaching brine
increases the pH of the brine. The neat cement in the 0% contaminated core with its low
porosity, provided lower diffusion coefficient for ion exchange than the contaminated cement in
the 5% and 10% contaminated cores and therefore had less cement degradation. The pH of the
mud used in the experiments was ~12, therefore the mud contributed to the high pH of the
effluent brine of the 5% and 10% mud contamination experiments. The large pores observed in
the Micro-CT images show that there was significant dissolution of cement. The large pores
present in the 5% and 10% mud contaminated cement also provided a large surface area for
cement dissolution. The dissolution of Ca(OH)2 results in decreased pH of the cement and the
cement thereby loses its ability to protect the casing from corrosion.
4.10.2 Pressure Drop Increase
Two phenomena likely contributed to pressure drop increase during the flow-through
experiments. The first was the deposition of amorphous silica gel at the inlet of the composite
cores. In this study, the composite cores were flooded with slightly acidic brine(pH~6.2). The
continuation of the cement leaching process explained in section 4.10.1, would lead to total
depletion of Ca(OH)2 leaving the C-S-H with no buffer. This induces the decalcification of C-SH resulting in the deposition of amorphous silica gel. The XRD diffractogram of the brown layer
observed at the inlet of the composite core showed that it is amorphous and such brownish layer
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has been observed by Duguid et al23, Rimmelé et al75, Kutchko et al29 and Cheng et al76 as the
final stage of cement degradation.
The second phenomenon that likely caused the increasing pressure drop was mobilization
of clays in the sandstone. The resin filled large pores in the back scattered electron microscopy
images of the post core-flood 10% mud contaminated cement showed that there was connectivity
between the pores in the sandstone and the pores in the cement but no connectivity was observed
among the large pores in the cement. This means that the large pores did not affect the
permeability of the composite cores and that flow was through the sandstone. Clays were
identified in both the XRD diffractogram and SEM images of the Berea Sandstone used. Studies
have shown that Berea sandstone contains high proportion of non-swelling clays (e.g. kaolinite);
the kaolinite content of Berea sandstone can be as high as 9.7%77, 78. When Berea sandstone
comes in contact with fresh water (e.g. filtrate from fresh water mud), there is formation damage;
this occurs due to the weakening of the van der Waals attractive forces and increase in the
electrostatic repulsive forces between the pore walls and the clay particles78-80. This results
in mobilization of the clay particles which end up plugging the pore throats of the Berea
Sandstone and consequently reducing the permeability of the rock. The cement-sandstone
composite cores were cured in tap water and this resulted in disruption of the bond between the
clay particles and the pore walls. Continuous flooding of the composite core with brine would
have mobilized some of the clay and plugged the pore throats in the sandstone. Fines were
however not observed in the effluent, showing that occurrence of this phenomenon was not
extensive.
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4.10.3 Porosity Increase
For the 0% mud contaminated cement, the reduction in density and increase in porosity
were caused by the leaching of Ca(OH)2 as leaching has been shown to reduce porosity in
cement81. The exchange of ions between the cement pore solution and the flowing brine results
in the dissolution of Ca(OH)2 and subsequent transport of Ca2+ ions out of the cement. When the
CO32- ions supplied by the slightly acidic brine combines with the Ca2+ in solution, CaCO3 will
be precipitated which tends to decrease porosity. Portlandite (33.1 cc/mol) occupies less volume
than calcite (36.9 cc/mol)25 but since the volume of CO2 in the brine was small, the amount of
calcite precipitated was not significant. The porosity of the neat cement was found to be 0.02%
while the porosity of the leached cement was found to be 6.67%. The presence of well-defined
dissolution front in the cement shows that there was instantaneous dissolution of Ca(OH)2 to
maintain local equilibrium82. The leaching rate was dominated by the diffusion rate of ions since
the diffusion rate was much slower than the rate of Ca(OH)2 dissolution82. The depth of leaching
into the cement is usually estimated using Fick’s second law of diffusion with the conditions that
there is presence of unaltered cement zone and that the injected brine is of constant
composition19, 29, 82
L=c.√
where L=leaching depth, t =leaching duration and c is the diffusion coefficient of ions through
the cement matrix which depends on the composition of the cement and the environment in
which the cement is placed. The value of c varies with cement permeability, porosity, tortuosity
and composition29. It is also dependent on the chemical composition of the leaching brine19. The
leaching depth observed for the 0% mud contamination experiment was ~950 µm. This was
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close to the 1.4 mm in 3 months and <2 mm in one month observed by Mainguy et al82 and Yang
et al19 respectively for 0.4 w/c cement pastes.
In the 10% mud contaminated cement, the porosity of the pre core-flood contaminated
cement was 0.65% while the neat cement porosity was 0.02%. The pre core-flood porosity in the
contaminated cement was more pronounced in areas with high mud contamination levels. After
the core-flood, the porosity of the contaminated cement increased to 12.53%, showing extensive
dissolution of the cement. The large pores created in the contaminated cement were caused by
preferential dissolution of highly contaminated areas of the cement. The high pre-core flood
porosity and the presence of NaOH (NaOH was added to the mud) in the highly contaminated
areas resulted in the preferential dissolution of those regions. The high porosity resulted in faster
ion diffusion between the cement and the brine when compared with the other sections of the
cement that had lower porosity. Also, the solubility of NaOH in water is much higher than the
solubility of Ca(OH)2, while leads to faster dissolution of the cement areas with high NaOH
concentration. Leaching was however observed in areas surrounding the large pores; this shows
that when the highly contaminated cement was extensively dissolved, the flowing brine started
leaching the surrounding cement. In the long term, this may lead to interconnectivity of the large
pores and loss of zonal isolation would occur.
In most areas of the 5% mud contaminated cement, the dissolution pattern was similar to
the dissolution pattern observed in the 0% mud contamination. Apart from a few large pores,
there was uniform dissolution of the cement. This is likely due to the lower volume of mud
present in the cement to provide adequate preferential dissolution zones in the cement. The
porosity of the pre core-flood contaminated cement was 0.1% while the neat cement porosity
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was 0.02%. After the core-flood, the porosity of the leached zone was 8.77% while the porosity
of the neat cement remained 0.02%.
4.10.4 Summary of Observations
Results from the various analysis techniques employed in the study were integrated to
obtain a holistic description of the alterations at the cement-sandstone interface in each of the
three different composite cores at the end of the 30-day flow-through experiments.
For the 0% mud contaminated composite core, the injected brine leached the Ca(OH)2 in
the cement up to a depth of ~950 µm. There was uniform degradation of the cement with a
distinct dissolution front as shown in Figure 4.20a. The leaching depth was similar to that
observed in other studies where the leaching depth was found to increase with the square root of
time19, 82. The dissolution of the cement increased the porosity of the cement close to the cementsandstone interface from 0.02% to 6.67% as shown in Tables 4.1, 4.2 and 4.3. Depletion of
Ca(OH)2 in cement reduces cement’s ability to protect the casing from corrosive environments.
At the end of the 30-day core flood, the cement would still be able to provide zonal isolation
since a good bond was still established between the cement and the rock.
Apart from few large pores present, fairly uniform degradation was observed in the
contaminated cement of the 5% mud contaminated composite core. The dissolution front was
about 850 µm from the contaminated cement-sandstone interface as shown in Figure 4.20b. This
is slightly lower than the leaching depth observed in the 0% contamination experiment. The
highly contaminated zones in the contaminated cement likely slowed down the progression of
the leaching front as they provided preferrential dissolution regions. The dissolution of the
cement increased the porosity of the contaminated cement from 0.1% to as much as 8.77% as
shown in Tables 4.1, 4.2 and 4.3. The large pores present in the contaminated cement may
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(a)

Neat cement

Sandstone

~950 µm

Leached cement
showing increased porosity

(b)

Sandstone

Large
pore

~850 µm

Leaching occured within
the contaminated cement

(c)
Minor leaching occurred
near the large pores

Neat
cement

Large
pores

Sandstone

(a) 0% mud contaminated composite core
The injected brine leached the Ca(OH)2 in the
cement up to a depth of ~950 µm. There was
uniform degradation of the cement with a distinct
dissolution front as shown in Figure 4.20a. The
leaching of Ca(OH)2 reduces cement’s ability to
protect the casing from corrosive environments. At
the end of the 30-day core flood, the cement would
still be able to provide zonal isolation since a good
bond was still established between the cement and
the rock.

(b) 5% mud contaminated composite core
Few large pores were observed in the
contaminated cement. The dissolution front was
about 850 µm from the contaminated cementsandstone interface. The highly contaminated
zones in the contaminated cement likely slowed
down the leaching front as they provided
preferrential dissolution regions. The large pores
present in the contaminated cement may reduce
the mechanical integrity of the cement-sandstone
interface. The cement would still provide zonal
isolation as the large pores are few and not
connected.

(c) 10% mud contaminated composite core
Large pores were observed in the contaminated
cement. There was no clear dissolution front as
the dissolution of cement extended with the
depth of the highly contaminated cement areas.
Leaching of areas around the large pores was
also observed. The numerous large pores would
reduce the mechanical integrity of the cementsandstone interface. Continued dissolution of the
cement surrounding the large pores may connect
the pores and create a pathway for fluid
migration.

Figure 4.20. Schematics of typical axial slices of the Micro-CT images of the
interface-evaluation mini cores at the end of the flow-through experiments.
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reduce the mechanical integrity of the cement-sandstone interface. The cement would still
provide zonal isolation as the large pores were few and not connected.
Large pores were observed in the contaminated cement of the 10% mud contaminated
composite core as shown in Figure 4.20c. There was no clear dissolution front as the dissolution
of cement extended with the depth of the highly contaminated cement areas. Leaching of areas
around the large pores was also observed. The dissolution of the cement increased the porosity of
the contaminated cement from 0.65% to as much as 12.53% as shown in Tables 4.1, 4.2 and 4.3.
Table 4.3: Pre core-flood porosity of cement in the composite cores.
Cement-evaluation mini
core

0% mud
contamination
5% mud
contamination
10% mud
contamination

Interface-evaluation mini
Core

Neat
Cement

Contaminated
Cement

Neat
Cement

Contaminated
Cement

0.02%

N/A

0.02%

N/A

0.02%

0.1%

0.02%

0.1%

0.02%

0.65%

0.02%

0.65%

Table 4.4: Post core-flood porosity of the cement at the inlet of the composite cores.
Cement-evaluation mini core
Neat
Cement

Leached Cement

Interface Evaluation mini
core
Neat
Leached
Cement
Cement

0% mud
0.02%
6.67%
0.02%
6.67%
contamination
5% mud
0.02%
6.85% & 7.06%*
0.02%
7.92%
contamination
10% mud
0.02%
5.85%
0.02%
12.53%
contamination
*Two values were presented because the dissolution front progressed beyond the contaminated
cement into the neat cement. The lower value was the porosity of leached neat cement while the
higher value was the porosity of leached contaminated cement.
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Table 4.5: Post core-flood porosity of the cement at the outlet of the composite cores.
Cement-evaluation mini
core
Neat
Leached
Cement
Cement
0% mud
contamination
5% mud
contamination
10% mud
contamination

Interface-evaluation mini
core
Neat
Leached
Cement
Cement

0.02%

6.67%

0.02%

6.67%

0.02%

6.85%

0.02%

8.77%

0.02%

12.53%

0.02%

12.53%

At the end of the 30-day core-flood, the dissolution pattern left a large area of the cement
unaltered thereby retaning cement’s ability to protect the casing from corrosion. The numerous
large pores would however reduce the mechanical integrity of the cement-sandstone interface
and increase the likelihood of mechanical failure of the interface under stress and strain.
Continued dissolution of the cement surrounding the large pores may connect the pores and
create a fluid migration path.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions from the Experimental Findings
Three flow-through experiments were conducted to assess the effect of drilling fluid
contamination on the integrity of a cement-formation interface using 1 inch by 12 inch cementsandstone composite cores (half cylinder cement, half cylinder sandstone). One composite core
had no contaminated layer and each of the other two composite cores had a (~1.27 mm
thickness) layer of contaminated cement with 5% or 10% mud contamination by volume. Each
composite core was used for a 30-day flow-through experiment and subsequently characterized
to evaluate the alterations that occurred during the experiment. The first objective of the study
was to assess the effect of drilling fluid contamination of cement on its ability to provide zonal
isolation. The second objective was to investigate the physicochemical alterations at the cementformation interface to understand the mechanism and kinetics of the alteration process.
At the end of the study the following conclusions were made:


Dissolution of the cement by the flowing brine as determined from the pH measurements,
microscopy images, tomography images, and calculated image based porosity, was the
driving mechanism of degradation at cement-formation interface. The leaching of cement
(primarily of Ca2+) is due to the pH incompatibility between the composite core fractions
(cement pH ~13 and mud pH ~12) and brine pH ~6.2.



Porosity of the cement adjacent to the formation is increased by the leaching process and
presence of mud contamination catalyzes cement dissolution. The large pores created by
the preferential dissolution of the highly contaminated zones of the contaminated cement
consequently provide large reactive surface areas for further dissolution.
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The presence of large non-circular pores (with as much as ~750 µm length and ~150 µm
thickness) in the contaminated cement would likely eventually lead to loss of zonal
isolation in the long term when the pores become interconnected due to continued
dissolution.



Within the range of contamination levels used in the study, we can conclude that the
presence of 1% mud contamination of cement (10% contamination of 10% of the cement)
appears to be a critical contamination level that will result in long term negative effect on
zonal isolation and mechanical failure of wellbore cement to much higher degree than
uncontaminated cement.

5.2 Recommendations for Future Work
Experiments should be conducted in such a way as to collect intermittent data from the
composite cores during the experiment so that the kinetics of the reaction could be better
quantified and the diffusion rate of the brine into the cement could be established. With
information like diffusion rate, long term behavior of cement could be predicted.
Shear bond tests should be carried out on pre and post core-flood composite cores to
quantify the effect of drilling fluid contamination on the cement-formation bond.
In addition, any cement/formation interface is going to be exposed to the geochemistry of
the formation waters and the pressure and temperature of the formation, therefore experiments
should be designed to test for the different environments.
The effect of mud contamination of cement placed against a shale formation should also
be investigated as the shale caprock is the critical zone for fluid containment.
The total suspended solids in the brine should be measured.
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APPENDIX
Additional ICP-OES data
Table: ICP-OES analysis of influent and effluent brine samples showing the concentration of
different cations present. The brine samples analyzed were for the 1st, 15th and 30th day of each
flow-through experiment. The additional ICP analysis was carried out to validate the initial ICPOES carried out during the study. The purple color represents values that are below confidence
limits.
Sample ID

Analyte
Ca

Fe

K

Li

Mg

Mn

Na

B

Al

Sr

7450.000

-0.041

-0.035

0.069

mg/L
Influent
Control

-0.017

0.119

193.985

0.015

0.034

-0.003

Effluent
0% Day 1

15.716

0.052

208.985

0.018

0.222

-0.011

7880.000

0.596

0.277

0.328

0% Day 15

21.016

0.012

191.985

0.005

0.260

-0.035

7950.000

0.295

0.040

0.209

0% Day 30

19.716

0.031

198.985

0.004

0.230

-0.029

7970.000

0.345

0.173

0.210

5% Day 1

19.316

0.026

212.985

0.012

0.262

-0.020

8070.000

0.181

-0.123

0.295

5% Day 15

16.516

0.006

229.985

0.003

0.374

-0.020

7890.000

0.028

-0.060

0.235

5% Day 30

15.916

0.025

182.985

0.013

0.323

-0.005

7790.000

0.035

-0.034

0.282

10% Day 1

11.716

0.081

205.985

0.021

0.175

-0.021

7900.000

0.641

0.238

0.247

10% Day 15

15.416

0.013

203.985

0.019

0.327

-0.027

7790.000

-0.017

0.133

0.092

10% Day 30

16.516

0.020

101.985

0.010

0.373

-0.014

7830.000

-0.022

0.141

0.083
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